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3Abstract
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Director of Dissertation: Markus Boettcher
Blazars are one kind of radio-loud Active Galactic Nuclei whose jets are directed
close to our line of sight. They have characteristic two-hump shaped
spectral-energy-distributions, strong variability across the entire electromagnetic
spectrum, and high polarization degrees with variations from radio to optical. This
dissertation presents a detailed study on the polarization signatures in blazar emission. At
high energies (X-ray to γ-ray), we present theoretical estimates for the maximal
polarization degrees resulting from both the leptonic and hadronic models, in which we
find that the polarization signatures can serve as a powerful diagnostic between the two
models. At low energies (radio to optical), we present a general parameter study on the
time- and frequency-dependent polarization signatures along with the multiwavelength
spectra and variability. Based on our results, we present the first simultaneous fittings of
the snap-shot spectral-energy-distributions, multiwavelength light curves and
time-dependent polarization signatures in one coherent model of a prominent blazar
flaring event that is accompanied by a drastic change in the polarization signatures. This
unprecedented fitting combination provides crucial information about the inner-jet
magnetic field topology, particle acceleration and radiation mechanisms giving rise to the
observed blazar emission.
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1 Introduction
Blazars are the most extreme active galactic nuclei (AGNs). They exhibit
characteristic two-hump shaped spectral-energy-distributions (SEDs) and strong
variability across the entire electromagnetic spectra, along with high polarization degrees
observed from radio to optical bands. Such emission likely originates from relativistic jets
generated by supermassive black holes (SMBHs) located in the central engines of AGNs.
Understanding the particle acceleration and radiation mechanisms and magnetic field
configuration of both the inner-jet and the global jet structure of blazars is one of the
primary targets of the high-energy astrophysics, as it provides crucial knowledge about the
jet physics. Polarization signatures can provide that information, and by combining them
with all the spectra and variability of the blazar emission will reveal significant physics
insights about the blazar jets. In this introduction, I will cover the background of AGNs
and blazars, and discuss some general properties of blazars. At the end of this chapter, I
will briefly introduce the observation techniques for the polarization signatures.
1.1 AGNs
It is generally accepted that most galaxies harbor SMBHs at their central regions
[Pet97]. Some of those SMBHs are very active in the accretion processes and release
tremendous amounts of energy. Such active central engines of galaxies are called AGNs.
Many AGNs are extremely luminous, some times even 104 times brighter than the normal
galaxies, but they are confined in tiny volumes (possibly ￿ 1 pc3, 1 pc ￿ 3.1 ∗ 1018 cm).
Other features such as broad continuous spectra, variability, strong (broad and/or narrow)
emission lines and polarized emission can also easily distinguish them from the normal
galaxies. (General discussions about AGNs can be found in, e.g., [Pet97, Kro99].)
Historically people classified AGNs by their observational properties, but these
usually depended on how they were detected, which was not very systematic. But in
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general, AGNs can be divided into two groups, Seyfert galaxies and quasars. Seyfert
galaxies account for about 10% of all galaxies. They are usually closer and less luminous,
thus their host galaxies are clearly detectable, which appear to be normal spiral galaxies
[MR95]. They are further divided into Seyfert I and Seyfert II, in which the latter lack
broad emission lines which are often seen in many AGNs. Quasars are usually more
powerful and distant, whose host galaxies are generally unresolved [GS64]. They are
further classified by their radio emission into radio-loud and radio-quiet. Blazars belong to
the radio-loud quasars. Fig. 1.1 illustrates a brief classification of AGNs.
Figure 1.1: AGN classification. Figures are from NASA Picture of the Day Archive.
(Credit: J. Bahcall, S. Baum, W. Cotton, J. M. Disney, S. Dunlop, R. J. McLure, C. O’Dea,
R. Perley and CGRO, EGRET, ESA, HST, Hubble Heritage and NASA).
The first unification idea can be dated back to the 1970s. While it is still under
development, it is now widely agreed that the diﬀerences in the phenomenology are in
general due to diﬀerent viewing angles [MMN02]. The unification model suggests that the
12
AGN harbors an SMBH with its accretion disk at its central engine, which is surrounded
by a dusty torus. Jets are moving outward on both sides, while a broad line region and a
narrow line region envelop the inner part and the outer part of the jet, respectively [UP95].
An illustration of the unification model is shown in Fig. 1.2. According to the unification
model, blazars are the AGNs whose jets are directed close to our line of sight (LOS).
Figure 1.2: AGN unification. Reproduced with permission by The University of Chicago
Press. (Urry & Padovani, 1995).
1.2 Blazar Jets
Blazars are the most extreme AGNs. Some common observational properties
include: very high inferred bolometric luminosity, a two-hump shaped SED dominated by
13
the nonthermal emission, strong variability across the entire spectrum, a high polarization
degree from radio to optical, and superluminal motion. Such phenomena are likely to
originate from a relativistic jet directed close to our LOS (see, e.g., [BHK12]). A sketch of
the blazar jet is shown in Fig. 1.3.
The relativistic jet of the blazar can be launched by the accretion disk as
hydromagnetic flows, or directly by rotating black holes through pure electromagnetism
[BZ77, BK79, BP82]. The result is a pair of relativistic jets going outward from the
accretion disk. The plasma itself is likely dominated by electrons and positrons, but
protons cannot be ruled out [W+98a, CF93]. After the launch, the jet will be collimated
and accelerated by the magnetic field. Beyond this collimation and acceleration horizon,
the jet becomes causally disconnected from the central engine [PMM10]. It is suggested
that instabilities inside the jet may convert energy to accelerate particles to high energies
[BR78, Har11].
Figure 1.3: A sketch of the blazar jet model. Reproduced with permission by Alan P.
Marscher. (Credit: Marscher, Alan P.).
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The high-energy particles inside the jet will produce radiation which forms the
characteristic two-hump shaped SED. However, generally the jet will become optically
thin to radio frequencies after it passes the broad line region. Therefore most
multiwavelength blazar emission models will underestimate the fluxes at radio
frequencies. Since the jet is moving towards us, the blazar emission will suﬀer from
several relativistic eﬀects. Due to the relativistic aberration eﬀect, where the relative
motion of the source to the observer will modify its relative position in the observer’s
frame, even if in the comoving frame of the emission region the radiation is isotropic, in
the observer’s frame most radiation is concentrated along the bulk motion direction, based
on the equation,
µ￿ =
µ + β￿
1 + β￿µ
(1.1)
where µ and µ￿ are the cosines of the inclination angles θ and θ￿ of the emitted photon in
the comoving frame and the observer’s frame, respectively, and β￿ is the normalized speed
of the emission region to the speed of light c. This means that for β￿ ∼ 1, the photons
emitted within the θ = 90◦ range will all be beamed into θ￿ ￿ 1
Γ
in the observer’s frame,
where Γ = 1√
1−β￿2
is the bulk Lorentz factor of the emission region. In addition, the flux
will be boosted by a factor of δ3, and the photon energy will be boosted by a factor of δ,
where the Doppler factor is,
δ =
1
Γ(1 − β￿µ￿) (1.2)
resulting in very high inferred bolometric luminosity. The variability time scale, on the
other hand, will be shortened by δ, giving rise to strong variability.
Further away, the jet exhibits radio knots that may appear to be moving faster than
the speed of light. This phenomenon is predicted in 1966 as an optical illusion [Ree66].
The idea is that if the jet is travelling at a relativistic speed close to the LOS, it will appear
as if it is chasing its emission, causing the apparent movement of the jet to become much
faster than the light speed. If in the observer’s frame, the angle between the LOS and the
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jet motion direction is θ￿, and the normalized jet bulk motion speed is β￿, then the apparent
normalized transverse speed is,
β￿t =
β￿ sin θ￿
1 − β￿ cos θ￿ (1.3)
This speed reaches maximum β￿Γ if cos θ￿ = β￿. If Γ ￿ 1, the resulting transverse speed is
faster than the speed of light. Very Long Baseline Interferometry (VLBI) has presented
many cases of superluminal motions in the blazar jets [K+04, J+05]. These observations
strongly support the interpretation that the blazar jet is close to our line of sight with
highly relativistic velocity.
1.3 Blazar SEDs
The blazar SED can extend across the entire electromagnetic spectrum, from radio to
γ-ray. It has the characteristic two-hump shape (for overview of the blazar SEDs, see e.g.
[BHK12]). The low-energy component, which covers the radio to infrared (IR)/X-ray, is
dominated by the synchrotron emission. This interpretation is supported by the observed
polarization degree, thus this component is often called the synchrotron component
[BHK12]. On the other hand, the origin of the high-energy component, which extends
from X-ray to γ-ray, is still under debate. Leptonic models argue that the nonthermal
electrons responsible for the synchrotron component can also produce the high-energy
emission through inverse Compton scattering of seed photons to high energy. According
to the source of the seed photons, this process is termed synchrotron-self Compton
scattering (SSC, [MG85, MGC92]) if the seed photons are from the synchrotron
component itself, or external Compton scattering (EC, [DSM92, SBR94]) if the seed
photons originate from thermal radiation such as emission from the broad line region or
the dusty torus. The alternative, hadronic models [MB92, MP01], suggest that if the
magnetic field is strong enough in the jet (￿ 10G), protons can also be accelerated to very
high energies, and emit via synchrotron radiation. Ultra-high-energy protons may also
16
interact with target photon fields (primarily the synchrotron field) to produce pions, which
subsequently decay to ultrarelativistic muons and electrons/positrons. Those particles will
produce additional γ-rays through synchrotron emission. Some of these photons will be of
extremely high energy, at which the γ-ray is opaque to γγ absorption and pair production,
thus they will trigger electromagnetic cascades. Those products can again do synchrotron
emission. In this way, the entire high energy component is generated. For reviews on both
models, see [Bo¨t07, B+13].
Figure 1.4: Blazar SEDs for diﬀerent subclasses. Reproduced with permission by Max-
Planck-Institut fu¨r Radioastronomie. [Boe10].
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Traditionally blazars are classified into two subclasses, the flat-spectrum radio quasar
(FSRQ) and BL Lac object (BL Lac). The latter is distinguished by the absence of strong
emission lines. But blazars can also be classified based on the position of the peak of the
synchrotron component. Low-synchrotron-peak (LSP) blazars, consisting of the FSRQs
and the low-frequency peaked BL Lacs (LBLs), have the synchrotron peak in the infrared
regime; intermediate-synchrotron-peaked (ISP) blazars, consisting of some LBLs and the
intermediate BL Lacs (IBLs), peak in the optical to ultraviolet regime;
high-synchrotron-peaked (HSP) blazars, including mostly the high-frequency peaked BL
Lacs (HBLs), peak in the X-ray regime. It is suggested that this sequence has in addition a
trend of overall decreasing bolometric luminosity and a decreasing gamma-ray dominance
along the sequence [F+98], however, this trend has some exceptions [A+09b], e.g. see Fig.
1.4 (for recent reviews, see [Bo¨t07, Boe10, PU01]).
1.4 Variability
Blazars are know to be strongly variable across the entire electromagnetic spectrum,
over a very broad range of time scale, up to several years and down to a few minutes (see
Fig. 1.5 [A+07]). The amplitude of the variation is dependent on the photon energy and
the source as well. In particular, high-energy emission can easily vary by more than an
order of magnitude [UMU97]. The flux variability is often accompanied by spectral
changes. There is a general trend of higher amplitudes and shorter time scales at the
higher frequencies of the two SED components. However, not all blazars are bright
enough to study their multi-wavelength variability.
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Figure 1.5: The light curve for a blazar PKS 2155–304 flaring event with very fast
variability. Reproduced by permission of the AAS [A+07].
Variability can provide us crucial physical information about the emission region.
Due to the causality relation, the size of the emission region can be constrained by,
R ￿ δcτ
1 + z
(1.4)
where R is the radius of the emission region, δ is the Doppler factor, τ is the variability
time scale, z is the redshift, and c is the speed of light. Consequently, the observed fast and
strong variability, especially at high energies, will place significant constraints in the
radiation modeling. Moreover, for some blazars that are adequately bright to observe the
multi-wavelength variability, such as Mrk 421, PKS 1510-089, 3C 279, etc., it is possible
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to study the inter-band correlations. Correlated flares of the two SED components have
been established for several sources, and in some cases the variability properties of the two
components are remarkably similar, which may indicate that they originate from the same
nonthermal particle populations, as suggested in the leptonic model [A+11a, A+10b].
However, even within the same object this feature may not be persistent over multiple
observations, and uncorrelated flare have been reported as well. There are other variability
properties such as the apparently time-symmetric light curves and inter-band time lags
[F+00, R+04], which may indicate additional underlying physics as well.
1.5 Polarization Signatures
Polarization signatures are of great importance for the study of blazars. They can
oﬀer direct evidence for the radiation mechanism and magnetic field topology, as well as
indirect implications on the particle evolution, the energy source of flaring activities, and
the geometry of the emission region. Radio to optical observations have shown that the
low-energy SED component is in general polarized, with polarization degrees ranging
from a few to tens of percent [D+07, M+08]. This is in agreement with a synchrotron
origin in a partially ordered magnetic field, thus the low-energy component is interpreted
to be dominated by synchrotron emission. Several authors have demonstrated that the
observed polarization signatures may reveal a helical magnetic field structure in the blazar
jet [LPG05, P+05].
Both polarization degrees and angles are often variable [D+07]. Many variations
happen simultaneously with flaring activities (see, e.g., [A+14, M+14] and Fig. 1.6).
Several sources have exhibited dramatic changes in the polarization signatures (￿ 180◦
polarization angle swing) accompanied by correlated multiwavelength flaring activities
[M+08, M+10, A+10a]. These have been interpreted as additional evidence for a helical
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magnetic field topology. Additionally, some variation patterns of the polarization
signatures appear to be time-symmetric as well (see the above references).
Figure 1.6: The optical light curve and the time-dependent polarization degrees and angles
for S4 0954+658. Reproduced by permission of the AAS [M+14].
Despite intensive observational eﬀorts, very few theoretical models combine
polarization signatures with broadband SED and variability studies. This is because it is
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generally easier to apply a chaotic magnetic field and a polarization-independent
synchrotron and Compton scattering emissivity. On the other hand, models for
synchrotron polarization signatures typically employ a simple power-law nonthermal
population, ignoring particle evolution, thus they cannot account for the SEDs and light
curves [e.g. LPG05]. While an attempt to combine the SEDs, light curves and polarization
signatures has been put forward by [Mar14], called the turbulent extreme multi-zone
model, by its stochastic nature it in general cannot lead to the well-established correlations
between the drastic changes in polarization signatures and multi-band flaring events, but
may only apply to small variations due to some perturbations inside the emission region.
1.6 Observation Techniques for Polarization Signatures
Radio astronomy usually has easy access to the polarization measurements [Hav].
Radio telescopes that have full polarization capability have two feeds, one for each
polarization direction [Che]. To measure accurate linear polarization, the telescopes need
to have circular feed, or add a 1/4λ-plate to make circular inputs from linear feeds before
processing [Che]. By calibrating the received flux on the two feeds, linear polarization
signatures can be derived from the Stokes parameters (see Section 2.1 for an introduction
on the Stokes parameters). Examples for radio telescopes/polarimeters including Very
Large Array (VLA, Fig. 1.7) and VLBI. Notice that radio polarimetry generally suﬀers
from Faraday rotations introduced by the intergalactic magnetic fields (see Section 2.1 for
details), so that the polarization signatures cannot be used for direct indications of the
magnetic field structure in the source.
Some chemical substances are sensitive to the polarization. People usually employ
those materials in the optical telescopes for polarimetry. For example, the telescopes in
the Steward Observatory in Arizona and the Kanata Telescope in Japan use Wollestan
prisms, which can separate randomly polarized or unpolarized light into two orthogonal
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linearly polarized outgoing beams [APHD]. By careful calibration, the original linear
polarization can be derived. The advantage of the optical polarimetry is that it usually
does not suﬀer from the Faraday depolarization, due to its shorter wavelength, thus will
reveal the true magnetic field structure of the source (see Section 2.1). However, due to
the limited resolution of the optical telescopes, the incoherent polarized fluxes from the
diﬀerent parts of the source may smooth out, leading to depolarization in the observed
signals for the unresolved sources.
Figure 1.7: An image of the Very Large Array (Credit: NRAO).
High-energy polarimetry may overcome both problems. First, due to its extremely
short wavelength, based on the current intergalactic magnetic field model, the Faraday
rotation eﬀect is trivial. Second, the emission region for the high-energy radiation is
usually very small, thus the observed signals will provide direct information about the
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inner-jet magnetic field topology, without being smoothed out. Nevertheless, high-energy
polarimetry is still under development. Typically high-energy polarimeters make use of
Compton scattering to measure the linear polarization [B+12]. When the high-energy
photon arrives at the detector, it will Compton scatter an electron. If the incoming photon
has a polarization direction, the scattered electron will travel in a preferred direction, as
the Compton scattering cross section has a dependence on the polarization (see Section
2.2.2). By calibrating the scattered electrons, one can measure the polarization degree and
angle of the high-energy radiation [B+12]. At γ-ray range, the γ − γ pair production can
also be used to measure the polarization signatures, as the pairs are preferably (∼ 20%)
produced in the polarization plane [B+10]. X-Calibur was a balloon-bourne X-ray
telescope and polarimeter, whose design has been used in PolSTAR, which is an ongoing
Small Explorer (SMEX) program (Fig. 1.8) that will cover the hard X-ray region from
above 15 keV to around 60 keV [B+12]. It features a high detection eﬃciency with a low
level of background and has well-controlled systematic errors, and one of its primary goals
is to measure the polarization of the blazar jet emission. The Large Area Telescope of the
Fermi Gamma-ray Telescope (Fermi-LAT) is also suggested to have polarimetry capability
at photon energy ￿ 200 MeV [B+10] (Fig. 1.9). However, it uses pair-production
techniques to track the polarization signatures, and its sensitivity is not good (￿ 20%
polarization degree detectable). But future generations of γ-ray polarimeters, such as
HARPO and PANGU [B+14, W+14], will have improvements on sensitivity.
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Figure 1.8: The structure of X-Calibur (Credit: X-Calibur collaboration).
Figure 1.9: An illustration of the Fermi-LAT (Credit: Fermi collaboration).
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1.7 Thesis Structure
We will first introduce radiation and polarization theories in Chapter 2. In Chapter 3,
we will present a prediction of the theoretical maximal polarization for the high-energy
SED component. In Chapter 4, we will present a general study of the synchrotron
polarization with diﬀerent flaring mechanisms as well as the geometric eﬀects on the
polarization signatures, resulting in actual fittings. We will conclude in Chapter 5.
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2 Calculations of the Radiation and Polarization
Signatures
In this chapter, I will review some general formalisms for calculating the radiation
and polarization signatures for the blazar emission, including both the analytic and the
Stokes parameter representations of polarization signatures.
2.1 Polarization Theories
Polarization is a typical property of waves that can oscillate in more than one
direction. An electromagnetic wave is such a transverse wave. The polarization signature
contains two parts: the polarization degree (PD, or Π) and the polarization angle (PA).
The former describes how much the wave is polarized, i.e., PD = 0 means the wave is
unpolarized, while PD = 1 means the wave is completely polarized; the latter determines
in which direction the wave is polarized. PA has the 180◦ ambiguity, as oscillating upward
and downward are equivalent. Generally, the PD is given by
PD =
|P￿ − P⊥|
P￿ + P⊥
(2.1)
where P is the power and ￿ and ⊥ are two orthogonal polarization directions, and the PA
is determined by the electric vector position angle.
In general, thermal radiation will generally produce electromagnetic waves of
random polarization signatures, hence the total polarization degree tends to be zero.
However, nonthermal radiation could possess some polarization features. Both
synchrotron emission and Compton scattering which we will discuss in the following
section have polarization dependency. For example, for a power-law distribution of
particles with a mono-directional magnetic field, synchrotron will give a PD of
PD =
p + 1
p + 73
(2.2)
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where p is the power-law index. Although the general formalism 2.1 for the polarization
signatures is frequently used, in practice, the Stokes parameters provide easier access to
the polarization calculation. In the following, we will give a brief introduction to the
Stokes parameters.
2.1.1 Stokes Parameters
The discussion of the Stokes parameters will follow [Jac98, McM54, McM61]. In
classical electrodynamics, a general homogeneous monochromatic plane electromagnetic
wave propagating in the direction k = kn with frequency ω will be given by
E(x, t) = (a1￿1 + a2￿2)eik·x−iωt, (2.3)
where a1 and a2 are two complex numbers and ￿1 and ￿2 are two perpendicular axes on the
polarization plane. Then in terms of the linear polarization, the Stokes parameters
(I,Q,U,V), or sometimes (S 0, S 1, S 2, S 3) will be expressed as
I = |￿1 · E|2 + |￿2 · E|2
Q = |￿1 · E|2 − |￿2 · E|2
U = 2Re((￿1 · E) ∗ (￿2 · E))
V = 2Im((￿1 · E) ∗ (￿2 · E))
(2.4)
Sometimes people use the complex orthogonal unit, for example, in the case of circular
feeds for the radio telescope,
￿± =
1√
2
(￿1 ± i￿2) (2.5)
Then the Stokes parameters will be in the form of
I = |￿∗+ · E|2 + |￿∗− · E|2
Q = 2Re((￿∗1 · E) ∗ (￿∗− · E))
U = 2Im((￿∗1 · E) ∗ (￿∗− · E))
V = |￿∗+ · E|2 − |￿∗− · E|2
(2.6)
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A more general expression could be attained with the help of the density matrix. Let
￿ = a1￿1 + a2￿2 be a normalized steady plane wave function, then the density matrix is
given by
ρ =
a1a
∗
1 a1a
∗
2
a2a∗1 a2a
∗
2
 (2.7)
Since an unpolarized beam could be considered as a completely incoherent superposition
of two polarized beams, then the density matrix for a general wave can be expressed as
ρ = Π
a1a
∗
1 a1a
∗
2
a2a∗1 a2a
∗
2
 + 12(1 − Π)
1 00 1
 (2.8)
Thus generally the Stokes parameters will be given by
I = ρ11 + ρ22 = 1
Q = S 1 = ρ11 − ρ22
U = S 2 = ρ12 + ρ21
V = S 3 = i(ρ21 − ρ12)

⇒

I
S 1
S 2
S 3

=
 IP
 (2.9)
Since in our study, only linear polarization is considered, as the observed nonthermal
process is usually linearly polarized, we only use (I,Q,U) instead of the full expression of
the Stokes parameters.
One of the advantages of using Stokes parameters is that for incoherent emission, the
Stokes parameters can be added linearly. This means that if two rays with the Stokes
parameters as (I1,Q1,U1) and (I2,Q2,U2), respectively, have no definite phase
correlations, then the total Stokes parameters can be expressed by
(I1 + I2,Q1 + Q2,U1 + U2). Therefore it is very convenient to use the Stokes parameters
for radiation transfer.
2.1.2 Faraday Rotation
An important phenomenon in polarization is the Faraday rotation. Faraday rotation is
an interaction between the electromagnetic waves and the magnetic field. It depends on
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the magnetic component parallel to its propagating trajectory, and will cause the linear
polarization direction to rotate an amount that is proportional to the local magnetic field
component that is parallel to the propagating direction. Faraday rotation is caused by the
relative phase shift between the left and the right circularly polarized wave components, as
they have slightly diﬀerent propagating speed in the presence of a magnetic field in the
plasma. Since any linearly polarized wave can be considered as a coherent superposition
of a left and a right circularly polarized component, after propagating for a distance d, the
PA will be rotated for
θF = RM ∗ λ2 (2.10)
where
RM =
e3
2πm2c4
￿ d
0
dz ne(z)B￿(z) (2.11)
The Faraday rotation can be easily integrated into the Stokes parameters by introducing a
rotation matrix 
I￿
Q￿
U￿
 =

1 0 0
0 cos 2θF − sin 2θF
0 sin 2θF cos 2θF


I
Q
U
 (2.12)
where the unprimed and the primed are the Stokes parameters before and after the Faraday
rotation.
We can observed that the Faraday rotation has a strong dependence on the
wavelengths. In general, radio emission will suﬀer from the Faraday rotation, causing the
observed PD to be much lower than the intrinsic PD at the source. This is because along
the LOS, the emission from diﬀerent parts of the source have diﬀerent path length d, so
that they suﬀer from diﬀerent rotation angles θF . If the Faraday rotation is strong, this will
result in a reduction in the total PD, as the total Stokes parameters will be the addition of
the Stokes parameters from each region with diﬀerent observed PA.
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In astronomy, the Faraday rotation measurement is a significant tool, because it will
provide information about the interstellar and the intergalactic magnetic fields, which play
a crucial role in many physical processes, such as the gas dynamics, star formation, and
cosmic ray propagation. By comparing broadband polarization signatures, people can
derive the rotation measure, which will in turn provide information about the magnetic
field strength in the cosmic environment.
2.2 Radiation Mechanisms
As is mentioned in Section 1.3, the blazar SED is dominated by nonthermal
emission, namely, synchrotron emission and Compton scattering. In this section, we will
briefly introduce both mechanisms and discuss their polarization-dependent formalisms.
2.2.1 Synchrotron Emission
It is a well-understood result in electrodynamics that charged particles will emit
electromagnetic waves during the acceleration process. Synchrotron refers to the
phenomenon that a relativistic charged particle will radiate while it is gyrating in a
magnetic field. It is the relativistic counterpart of the cyclotron. The spectrum of this kind
of radiation can be rather complex; we will discuss it following mostly [RL79].
A particle of mass m is gyrating in the presence of a magnetic field B. The coordinate
system is chosen so that at t￿ = 0, the location of the particle is at the origin and the
particle has velocity v along the x axis with charge q; the orbital plane is on the xy-plane
and ￿⊥ is a unit vector along the y axis while ￿￿ = n × ￿⊥, where n is along the line of sight
(see Fig. 2.1). Then the emission powers along the two polarization directions ￿⊥ and ￿￿
can be expressed as
P⊥(ω) =
√
3q3B sinα
4πmc2
(F(x) +G(x))
P￿(ω) =
√
3q3B sinα
4πmc2
(F(x) −G(x))
(2.13)
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where F(x) = x
￿ ∞
x dξ K 53 (ξ), G(x) = xK 23 (x), and x =
ω
ωc
, in which ωc = 3γ
2qB sinα
2mc is the
critical frequency of the synchrotron emission and α is the pitch angle of the particle
trajectory.
Figure 2.1: A sketch for the geometry of the synchrotron emission.
The above two expressions are for the emission from a single electron. For a
distribution of particles, we need to integrate over the particle spectrum. For example, for
a power-law distribution of particles, n(γ)dγ = Cγ−pdγ, with C be a constant and p be the
spectral index, the total emission power Ptot(ω) = P⊥(ω) + P￿(ω) is given by
Ptot(ω) =
√
3q3CB sinα
2πmc2(p + 1)
Γ(
p
4
+
19
12
)Γ(
p
4
− 1
12
)(
mcω
3qB sinα
)−
p−1
2 (2.14)
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Figure 2.2: An illustration for the synchrotron spectrum at optically thick and optically thin
regimes for a power-law electron distribution.
Synchrotron emission is accompanied by synchrotron self-absorption (SSA). This
refers to the process that a photon is absorbed so that its energy is transferred to a charged
particle. For a power-law distribution of particles, the absorption coeﬃcient is given by
αν =
√
3q3
8πm
(
3q
2πm3c5
)
p
2C(B sinα)
p+2
2 Γ(
3p + 2
12
)Γ(
3p + 22
12
)ν−
p+4
2 (2.15)
Therefore the so-called source function, which is the ratio of the emission coeﬃcient to
the absorption coeﬃcient, is given by
S ν =
Ptot(ν)
4παν
∝ ν 52 (2.16)
By the radiative transfer equation, if the source function at frequency ν can be considered
as a constant, the intensity is given by
Iν(τν) = S ν + e−τν(Iν(0) − S ν) (2.17)
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where τν is the optical depth at the frequency ν. We can see that the SSA has a strong
dependence on the frequency. Therefore, at low energies, mostly in the radio regime, the
emission will be optically thick (τ→ ∞), leading to the intensity proportional to the
source function; at higher energies, the emission will become optically thin (τ→ 0), the
intensity will then be proportional to the emission power (see Fig. 2.2).
2.2.2 Compton Scattering
Figure 2.3: A sketch for the geometry of the Klein-Nishina Formula.
Compton scattering refers to an inelastic scattering of a photon and a charged
particle. In this process, usually a part of the energy of the photon is transferred to the
electron. However, the inverse process can happen as well, during which the energy will
transfer from the electron to the photon. In the study of the blazar emission, Compton
scattering (or more precisely, inverse Compton scattering) usually refers to the inverse
process. The Compton scattering cross section is given by the Klein-Nishina formula,
dσ
dΩ
=
r2e
2
x2(x−1 + x − 2 sin2 θ cos2 ϕ) (2.18)
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where re = e
2
mec2
is the classical electron radius, x = ω
￿
ω is the energy ratio of the scattered
photon to the incident photon, θ is the scattering angle and ϕ is the angle between the
electric vector of the incoming photon and the scattering plane, as shown in Fig. 2.3. It is
obvious that the scattering prefers the incident polarization direction to be perpendicular to
the scattering plane, so that the outgoing photon will keep the initial polarization direction.
We can make some good approximation and simplification to the Compton scattering
formalism in the Thomson regime, i.e., γ￿s ￿ 1, where γ and ￿s are the electron energy
and seed photon energy normalized to the electron rest mass in the comoving frame,
respectively. As is mentioned in Section 1.6, the Fermi-LAT may detect polarization
signatures up to a few hundred MeV . Therefore, we need to first confirm that such photon
energies can fit into the Thomson regime. Doppler boosting from the comoving frame to
the observer’s frame is described by the Doppler factor δ ∼ 10 for typical blazar sources.
In the Thomson regime, the observed scattered photon energy ￿obsC is given by ￿
obs
C ∼ γ2δ￿s,
where ￿s is normalized seed photon energy in the comoving frame. For an observed
photon energy of EobsC = 500 MeV , ￿
obs
C ∼ 1000. In the SSC process, the seed synchrotron
photons have a typical photon energy around hω ∼ eV , so that ￿s ∼ 10−6. Hence,
γ￿s =
￿
￿obsC ￿sδ
−1 ∼ 0.01 ￿ 1. We can therefore safely work in the Thomson regime.
Generally, the average Compton scattering power emitted by a single electron in a
photon field is given by
Pcompt =
4
3
σcγ2β2Urad (2.19)
where σ is the cross section and Urad is the energy density of the isotropic seed photons.
However, this equation is polarization-averaged. Since the isotropic external Compton
scattering process is in general unpolarized, we will briefly introduce the formalism for
the isotropic synchrotron-self Compton scattering process with dependence on the
polarization, following [BS73]. Let k, ￿ and k￿, ￿￿ be the momentum and the energy of the
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photons before and after the scattering, with unit vectors vk = k/|k| and v￿k = k￿/|k￿| (refer
to Fig. 2.4). p, E and p￿, E￿ are the momentum and the energy of electrons before and
after the scattering, respectively. In the Thomson regime, the power emitted at frequency
￿￿ resulting from scattering of photons whose original polarization direction is e (taken as
being perpendicular to the magnetic field for synchrotron target photons), scattered into
two orthogonal polarization directions (e￿ parallel or perpendicular to the projection of the
magnetic field onto the plane orthogonal to k￿), PSSC￿ and P
SSC⊥ , are given by [BS73,
converted to c.g.s units]
PSSC￿ (￿
￿) = π(
e2
4π
)2
c
mec2
￿￿
￿
d￿
￿
dΩk Eminn(￿)q(ϑ) · (Z￿(Σ1 + Σ2) + Σ2)
PSSC⊥ (￿
￿) = π(
e2
4π
)2
c
mec2
￿￿
￿
d￿
￿
dΩk Eminn(￿)q(ϑ) · (Z⊥(Σ1 + Σ2) + Σ2)
(2.20)
where
Emin =
￿
￿￿
2￿(1 − cos θk) (2.21)
is the minimum electron energy required for scattering of a photon from ￿ to ￿￿,
Ze￿ = (e · e￿ + (vk · e
￿)(vk￿ · e)
1 − cos θk )
2 (2.22)
and we have defined the solid angle of the direction of the photon before scattering, k, as
dΩk = d cos θkdϕk (2.23)
ϑ is defined as the angle between the magnetic field and k, which can be related to the
angle Θ between the magnetic field and the line of sight (k￿) through
cosϑ = cosΘ cos θk + sinΘ sin θk cosϕk (2.24)
The synchrotron photon distribution n(k) has been separated into an energy spectrum and
an angle-dependent function,
n(k) = n(￿)q(ϑ)
￿2
(2.25)
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where the angle-dependence is chosen as q(ϑ) ∝ sin p+12 ϑ with p being the spectral index
of the underlying electron spectrum.
Σ1 =
￿ β2
β1
dx m(E)(x2 − x−2 + 2)
Σ2 =
￿ β2
β1
dx m(E)
(1 − x2)2
x2
(2.26)
where E is electron energy and
m(E) =
Ne(E)
E2
x =
Emin
E
β1 =
 1 Emin > E2Emin
E2
Emin < E2
β2 =
 1 Emin > E1Emin
E1
Emin < E1
(2.27)
in which Ne(E) is the electron density at energy E. In this way the SSC can be evaluated
with dependence on the polarization.
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Figure 2.4: A sketch for the geometry for calculating the polarization-dependent Compton
scattering. Reproduced by permission of the AAS [ZB13].
2.2.3 Stokes Parameters for the Synchrotron Emission
The Stokes parameters for a beam of synchrotron emission can be derived
straightforwardly. By combining Eqs 2.1, 2.13, we can derive the PD for the beam. In
addition, since the PA indicates the electric vector position angle θE, which is always
perpendicular to the local magnetic field direction, we arrive to
(I,Q,U)(ν) = Lν ∗ (1,Πν cos 2θE,Πν sin 2θE) (2.28)
for the beam. If there is spatial dependence of the emission region, we can employ
polarization-dependent radiation transfer, and linearly add up all the Stokes parameters for
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each beam, as they are incoherent emission, and reach to the final polarization signatures.
During this polarization-dependent radiation transfer process, one can naturally take into
consideration eﬀects such as light-travel time eﬀects (LTTEs), SSA and Faraday rotations.
2.2.4 Scattering Matrix of the Compton Scattering
For the Compton scattering, one can both use Eqs. 2.1, 2.20 to arrive to the Stokes
parameters, or make use of the scattering matrix, given by [McM61, Fan49]
T =
1
2
r20(
￿
￿0
)2

1 + µ2 + (￿0 − ￿)(1 − µ) 1 − µ2 0
1 − µ2 1 + µ2 0
0 0 2µ
 (2.29)
where ￿0 and ￿ are the normalized incident and the scattered energies of the photon, r0 is
the classical electron radius, µ is the cosine of the scattering angle. All these parameters
are defined in the comoving frame of the electron. This matrix can be transformed into the
comoving frame of the emission region, and the matrix product of this scattering matrix
and the Stokes parameters of the incident beam will give us the polarization signatures of
the scattered beam. In the end, one can again apply the polarization-dependent radiation
transfer again to take into account all the LTTEs, while SSA and Faraday rotations are not
important for the high energy photons.
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3 X-ray and γ-ray Polarization in Leptonic and Hadronic
Models in Blazars
In this chapter, we will present a theoretical analysis of the expected X-ray and γ-ray
polarization degrees resulting from Compton scattering in leptonic models, compared to
those from proton synchrotron and cascade synchrotron emission in hadronic model. We
suggest that by combining multiwavelength polarization measurements and our theoretical
estimates, it is possible to determine the degree of ordering of the inner-jet magnetic field
and to distinguish the leptonic and hadronic models. The analysis and results presented
here have been published in [ZB13], and most of the text in this section is taken directly
from that paper. ©2013, AAS. Reproduced by permission of the AAS.
3.1 Introduction
While the low-energy component of the blazar SED is generally interpreted as
synchrotron emission from nonthermal electrons, the mechanism producing the
high-energy SED component is still under debate. Both the leptonic model, where the
high-energy emission is coming from Compton scattering of seed photons by the same
electron population that generates the synchrotron component, and the hadronic model, in
which the synchrotron emission of protons and cascading particles generate the
high-energy component, are currently still viable. Distinguish these two models has a
strong impact on many important problems in high-energy astrophysics, such as the jet
composition and dynamics, the source of ultra-high-energy cosmic rays, the origin of the
extragalactic neutrinos, and so forth. Although the hadronic model will produce
high-energy neutrinos which can be captured by the current generation of neutrino
detectors such as IceCube, these detectors cannot pinpoint the source of those neutrinos
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due to bad angular resolutions. Therefore, additional information is necessary to
distinguish the two models.
Polarization signatures can serve as a powerful diagnostic to the origin of the
high-energy SED component. Measurements of synchrotron polarization of the radio and
optical emission from relativistic jet sources (blazars, radio galaxies, gamma-ray bursts)
have become a standard way of assessing the magnetic field distributions, although the
high-energy polarization signatures have so far remained largely unexplored. However,
there are several ongoing projects that can provide high-energy polarization
measurements. In the X-ray to soft γ-ray range, SPI and IBIS on board the INTEGRAL
satellite have already been used to constrain the polarization from gamma-ray bursts
([D+08, F+08a]), also PoGoLite ([P+12]), X-Calibur [B+12, , now calleded POLStar] and
POLAR ([OC+11] are currently under development. Most of them are designed to detect
polarizations around 10%. For γ-rays, it is suggested that the Large Area Telescope (LAT)
onboard the Fermi Gamma-Ray Space Telescope may be able to do polarimetry up to
∼ 200MeV with minimum detectable polarization degree around 20% ([B+10]). In
addition, HARPO and PANGU are two proposed γ-ray polarimeters [B+14, W+14].
On the theory side, it is well-known that linear polarization arises from synchrotron
radiation of relativistic charged particles in ordered magnetic fields, while Compton
scattering oﬀ relativistic electrons will reduce the polarization degree of the target photon
field, but Compton scattering of unpolarized target photon fields by isotropic distributions
of electrons (and positrons) will always result in unpolarized Compton emission. The
well-known formalism for calculating synchrotron can be found, e.g., in the text book by
[RL79]. An analytic formalism for evaluating the polarization of Compton scattered
radiation in the Thomson regime was developed by [BS73], and more recently verified by
[Kra12] through Monte-Carlo simulations. Nevertheless, even though the general
formalisms for high-energy polarizations exist, so far their applications have been
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restricted to simple power-law distribution of particles, with no direct connection to the
observed SEDs of blazars.
In this chapter, we evaluate the expected X-ray and γ-ray polarization signatures in
both leptonic and hadronic emission models for blazars, considering all sub-classes (LSP,
ISP, and HSP) of blazars. In Section 3.2, we will introduce our code structure, followed by
Section 3.3, where we will present our results comparing the frequency-dependent
polarization signatures of leptonic and hadronic blazar models for several blazars of all
sub-classes. These results are used in Section 3.4 to develop observational programs based
in optical, X-ray and γ-ray polarimetry to confidently distinguish between leptonic and
hadronic emission models. We summarize in Section 3.5.
3.2 High-energy One-zone Polarization Code
The purpose of this code is to make theoretical estimates of the maximal high-energy
polarization degrees based on homogeneous, isotropic stationary one-zone blazar
emission models. The blazar emission models are described in detail in [B+13], and have
been used to produce SED fits to a number of blazars of all subclasses. The code will take
the particle distribution given by the emission modeling, instead of simple power-law, and
also other related parameters, such as the magnetic field strength, to evaluate the PD.
Since the emission region is one-zone and stationary, no spatial dependence and LTTEs
are necessary. Therefore, the analytic solution of the PD, Eqs. 2.13, 2.20, is adequate.
However, the evaluation of PD does require an ordered magnetic field. Since the goal is to
find the maximal PD, we apply a perfectly ordered, mono-directional magnetic field.
In the leptonic model, the high-energy component of the blazar SED has
contributions from both the SSC and the EC. In addition, in some IBLs and HBLs the
X-ray range can be aﬀected by the tail of the low-energy component. Since isotropic EC is
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in general unpolarized, the total PD will be given by
Π(ω) =
Pesync+S SC⊥ (ω) − Pesync+S SC￿ (ω)
Pesync+S SC⊥ (ω) + P
esync+S SC
￿ (ω)
∗ P
esync+S SC(ω)
PTotal(ω)
(3.1)
where esync and S SC correspond to the electron synchrotron and the SSC powers,
respectively, while the total power includes the EC contribution. In the hadronic model, on
the other hand, the high-energy component consists of primarily the synchrotron emission
from protons and cascaded particles. However, in the X-ray to the soft γ-ray range, the
SSC from the synchrotron component can be considerable. Also for some IBLs and
HBLs, X-rays may be aﬀected by the low-energy component as well. Therefore, the total
PD is given by
Π(ω) =
Pesync+psync+S SC⊥ (ω) − Pesync+psync+S SC￿ (ω)
Pesync+psync+S SC⊥ (ω) + P
esync+psync+S SC
￿ (ω)
(3.2)
where psync corresponds to the synchrotron power from the protons and the cascaded
particles.
The code structure is rather simple. It will take the general parameters and the
particle spectra from the blazar emission models as inputs, and calculate the PD at various
photon energies by integrating over the entire particle spectrum, according to Eqs. 3.1,
3.2. Since all the calculations are done in the comoving frame of the emission region, in
the end the code will boost everything into the observer’s frame. Simple and eﬃcient as it
is, this code is employed as a module in the 3DPol, which will be discussed in Section
4.2.2. For code testing, we have used the power-law particle spectrum to evaluate the PD,
and the result matches the analytic solution.
3.3 Results and Discussion
We have applied the above code to calculate the frequency-dependent polarization
degrees to a substantial number of Fermi-detected FSRQs, LBLs, IBLs, and HBLs. We
have evaluated the PD between 1keV and 500MeV , covering the energy range in which
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X-ray polarimeters and Fermi-LAT have realistic prospects of measuring high-energy
polarization. The purpose of this study is to estimate the theoretical maximal polarization
degrees, assuming a perfectly ordered magnetic field perpendicular to the line of sight (in
the comoving frame of the emission region).
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Figure 3.1: UV through γ-ray SEDs (lower panels) and maximum degree of polarization
(upper panels) for the two FSRQs 3C279 (left) and PKS 0528+134 (right). Leptonic model
fits are plotted in red, hadronic models in green. Diﬀerent line styles indicate individual
radiation components, as labeled in the legend. Shaded areas indicate the 2 − −10 keV
X-ray range (X-ray polarimeters) and the 30 − −200 MeV range, in which γ-ray emission
may be measurable by Fermi-LAT.
3.3.1 Low-synchrotron-peaked Blazars
Figure 3.1 shows the results of SED fitting [from B+13, lower panels] and the
photon-energy-dependent PD (top panels) throughout the X-ray and γ-ray regime, for two
representative FSRQs. In the case of FSRQs, the synchrotron emission from electrons
(i.e., primary electrons in the hadronic model) does generally not contribute appreciably in
the X-ray (or higher-energy) range. In leptonic models, the high-energy emission is
typically dominated by SSC throughout the X-ray regime, while at γ-ray energies, EC
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tends to dominate. In hadronic models, the high-energy emission of LSP blazars is
typically well reproduced by models strongly dominated by proton synchrotron emission.
The first, obvious result to be seen in Fig. 3.1 is that leptonic models predict
systematically lower degrees of polarization than (synchrotron-dominated) hadronic
models. The SSC process reduces the polarization of the synchrotron seed photons to
values typically not exceeding ΠSSC ￿ 40 %, while the proton synchrotron emission may
be polarized up to ΠSSC ∼ 70 – 75 % (in agreement with Eq. 2.2 for proton spectral indices
p ∼ 2 − −3), with the polarization gradually increasing due to the generally convex shape
of the γ-ray SED (increasing p implying increasing Π). Furthermore, due to the transition
from SSC to EC from the X-ray to the γ-ray regime in leptonic models, the PD is expected
to decrease rapidly with photon energy, and vanish in the Fermi-LAT energy range.
0.2
0.4
0.6
0.8
1.0
m
ax
im
al
 Π
Lept. total
Lept. SSC
Had. total
Had. p-sy
Had. pair-sy
Had. e-SSC
OJ 287
1016 1018 1020 1022 1024 1026
ν [Hz]
109
1010
1011
1012
1013
1014
νF
ν
 
[Jy
 H
z]
0.2
0.4
0.6
0.8
1.0
m
ax
im
al
 Π
Lept. total
Lept. SSC
Lept. sy
Had. total
Had. p-sy
Had. pair-sy
Had. e-SSC
Had. e-sy
BL Lacertae
1016 1018 1020 1022 1024 1026
ν [Hz]
1011
1012
1013
νF
ν
 
[Jy
 H
z]
Figure 3.2: UV through γ-ray SEDs (lower panels) and maximum degree of polarization
(upper panels) for the two LBLs OJ 287 (left) and BL Lacertae (right). Same symbol/color
coding as in Fig. 3.1.
Some LBLs exhibit very similar X-ray and γ-ray polarization signatures as those
discussed for FSRQs above. However, the hadronic fits of [B+13] to several LBLs require
their X-ray emission to be electron-SSC dominated, as in the leptonic-model case. Figure
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3.2 shows two such examples. In that case, the degree of X-ray polarization predicted by
hadronic models is substantially lower than in the FSRQ case and only slightly higher
than predicted by leptonic models. In some cases (e.g., BL Lacertae, see Fig. 3.2, right),
the X-ray emission also contains a non-negligible contribution from electron-synchrotron
radiation, which may increase the expected maximum PD, especially in the leptonic
model, and thereby further decrease the diﬀerence between the leptonic and hadronic
model predictions. At γ-ray energies, the same drastic diﬀerence between the predicted
degrees of polarization persists.
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Figure 3.3: UV through γ-ray SEDs (lower panels) and maximum degree of polarization
(upper panels) for the two IBLs 3C66A (left) and W Comae (right). Same symbol/color
coding as in Fig. 3.1.
3.3.2 Intermediate-synchrotron-peaked Blazars
Figure 3.3 shows the results of SED fitting [also from B+13] and
frequency-dependent high-energy polarization for two representative IBLs. In the case of
IBLs, the X-ray regime often covers the transition region from synchrotron (i.e., primary
electron-synchrotron in hadronic models) emission to Compton emission in leptonic
models and proton-induced emission in hadronic models. Therefore, at soft X-ray
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energies, both leptonic and hadronic models can exhibit very high degrees of polarization,
dominated by the steep high-energy tail of the low-frequency synchrotron component.
Leptonic models reproduce the hard X-ray through γ-ray emission typically with SSC
dominated emission, although in the high-energy γ-ray regime (E ￿ 100 MeV), an
additional EC component is often required [e.g., A+09a]. Consequently, the PD is
expected to decrease rapidly with energy to maximum values of typically ∼ 30 %
throughout the hard X-ray to soft γ-ray band, and may decrease even further if the HE
γ-ray emission is EC dominated. Hadronic models often require contributions from
proton-synchrotron, pair synchrotron, and primary-electron SSC emission. This SSC
contribution slightly lowers the hard X-ray through soft γ-ray polarization compared to
purely synchrotron-dominated emission (as in most LSPs), but still predicts substantially
higher degrees of hard X-ray and γ-ray polarization compared to leptonic models.
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Figure 3.4: UV through γ-ray SEDs (lower panels) and maximum degree of polarization
(upper panels) for the two HBLs RBS 0413 (left) and RX J0648.7+1516 (right). Same
symbol/color coding as in Fig. 3.1.
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3.3.3 High-synchrotron-peaked Blazars
Two examples of SED fits and corresponding maximum polarization in the case of
HBLs are shown in Figure 3.4. The data and SED fits for RBS 0413 are from [A+12];
those for RX J0648.7+1516 are from [A+11b]. In HBLs, the X-ray emission (at least
below a few 10s of keV) is typically strongly dominated by electron-synchrotron
radiation, in both leptonic and hadronic models. Therefore, both models make essentially
identical predictions of high maximum polarization throughout the X-ray regime. In
leptonic models, the γ-ray emission of HBLs is often well represented by pure SSC
emission, although a few cases also require additional (or even dominant) contributions
from EC [see the case of RX J0648.7+1516 in the right panel of Fig. 3.4 for one such
example; A+11b]. Combined with the very low soft γ-ray fluxes predicted by such
models, γ-ray polarization from HBLs in leptonic models is not expected to be detectable.
In hadronic models, the γ-ray emission of HBLs is usually well represented by
proton-synchrotron dominated scenarios, predicting a high level of maximum polarization.
3.4 Exploiting High-energy Polarization to Distinguish Leptonic from Hadronic
Emission
As pointed out, the calculations presented here assume a perfectly ordered magnetic
field and therefore only represent upper limits to the possible PD actually observed.
Therefore, in the case of a non-detection of X-ray and γ-ray polarization, it would seem
diﬃcult to establish whether this is simply due to an un-ordered magnetic field, or would
actually favour a leptonic emission mechanism. However, this ambiguity may be lifted if
the PD is determined in energy ranges of the SED that can be confidently ascribed to
synchrotron emission.
In the case of FSRQs and LBLs, it is generally agreed that the near infrared (NIR) –
optical emission is dominated by synchrotron radiation [e.g., G+98]. Optical polarimetry
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will therefore allow one to determine the degree of order/disorder of the magnetic field in
the emission region by comparing the measured Πsyn with the theoretical maximum given
by Eq. (2.2), since the spectral index α of the NIR – optical synchrotron spectrum is easily
measured. Due to the λ2 dependence of Faraday rotation, the eﬀects of Faraday
depolarization are negligible at optical wavelengths, so that the polarization measured
here does, indeed, provide a realistic estimate of the degree of order of the magnetic field.
Our results, as illustrated in Figures 3.1 and 3.2 may then be re-scaled by that factor to
arrive at a realistic prediction of the expected degree of X-ray and γ-ray polarization and
to determine whether the expected degree of polarization (especially in hadronic models)
is within the capabilities of X-ray polarimeters and Fermi-LAT. If it is, X-ray polarimetry
may be able to distinguish SSC from proton-synchrotron-dominated emission. In the
Fermi-LAT regime, the diﬀerence between the hadronic and leptonic models is expected
to be even more obvious, and a positive detection of γ-ray polarization by Fermi-LAT
would strongly favor a hadronic emission scenario.
Optical polarimetry of LSP blazars often reveals Πsy(opt) ∼ 10 – 20 %, compared to
Πmaxsy ∼ 75 % for a typical spectral index of p ∼ 3. Consequently, a similar degree of X-ray
and γ-ray polarization of Πpsy ∼ 10 – 20 % may be expected for quasars in the case of
hadronic emission, which is at the borderline of the capabilities of existing polarimeters.
In the case of IBLs and HBLs, where the X-rays (in IBLs only the soft X-rays) are
dominated by synchrotron emission, the degree of order/disorder of the magnetic field
may be determined directly from X-ray polarimetry by comparing the measured Πsy to the
theoretical maximum from synchrotron polarization, as evaluated by our calculations. As
in the case of FSRQs, the resulting re-scaling factor may be used to assess whether the
expected γ-ray polarization is within the capabilities of Fermi-LAT to determine
polarization, and if so, hadronic emission is expected to reveal itself through a high degree
of polarizaiton.
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We should point out here that HBLs typically exhibit very hard photon spectra in the
Fermi-LAT range, with very low photon fluxes below 200 MeV. The detection of γ-ray
polarization in HBLs therefore seems infeasible in the near future. It has been suggested
that HBLs may be prime targets for X-ray polarimeters since they tend to be the brightest
blazars in X-rays. However, unfortunately, leptonic and hadronic models agree on the
interpretation of the X-ray emission of HBLs as due to electron synchrotron radiation, and
therefore make identical predictions for the X-ray polarization. Thus, X-ray polarimetry
of HBLs is not expected to aid in distinguishing leptonic from hadronic emission, given
current γ-ray polarimetry capabilities. Such diagnostics would require substantially
increased sensitivity and/or γ-ray polarimetry at energies much above 200 MeV.
3.5 Summary and Conclusions
We have presented calculations of the maximum achievable degree of X-ray and
γ-ray polarization expected in leptonic and hadronic one-zone models for blazars. We
generally find that hadronic models predict very high degrees of maximum polarization
for all classes of blazars, since the entire SED is dominated by synchrotron processes.
Even when accounting for the expected deviations from perfectly ordered magnetic fields,
the predicted degree of polarization may be within the capabilities of current X-ray and
γ-ray polarimeters. While in LSPs, the PD is expected to continually increase with
increasing photon energy, it is expected to remain roughly constant throughout the X-ray
and γ-ray regimes for ISPs and HSPs. Depending on the type of blazar (and, hence, the
contribution that synchrotron emission makes to the X-ray emission), leptonic models
predict (a) moderate X-ray polarization, but vanishing γ-ray polarization for LSP blazars,
(b) high soft X-ray polarization, rapidly decreasing with photon energy for ISPs, and (c)
high X-ray polarization and low < 200 MeV γ-ray polarization (though increasing
towards higher energies beyond 200 MeV) for HSPs.
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We have outlined a method, based on optical, X-ray and γ-ray polarimetry that may
allow us to confidently distinguish between leptonic and hadronic X-ray and γ-ray
emission in LSP and ISP blazars. Unfortunately, given the fact that leptonic and hadronic
models make identical predictions for the X-ray polarization of HBLs and γ-ray
polarization in those objects is not expected to be measurable with Fermi-LAT, it is
unlikely that X-ray polarimetry of HBLs will aid in distinguishing leptonic from hadronic
emission. Due to the prospect of measuring the degree of order/disorder of the magnetic
field in ISPs through a comparison of X-ray polarimetry with our synchrotron predictions,
they might be the best candidates to identify hadronic processes. These objects will allow
us to apply the method described above directly, without relying on optical/NIR
measurements, and - unlike in HSPs - a measurement of the expected γ-ray polarization
may be feasible using Fermi LAT or upcoming experiments.
An important aspect to point out is that high-energy polarization will not be aﬀected
by Faraday rotation due to the λ2 dependence of this eﬀect. While at radio wavelengths,
Faraday rotation often substantially alters not only the orientation of the polarization
direction, but may also lead to Faraday depolarization, this eﬀect can be ignored in X-rays
and γ-rays, thus revealing the true, intrinsic degree of order of the magnetic field and its
directionality.
Alternative ways of distinguishing leptonic from hadronic emission scenarios for
blazars rely on the potential detectability of neutrino emission expected in hadronic
models [e.g., MB92, MP01] and characteristic variability signatures, in particular
uncorrelated synchrotron and high-energy variability, which is diﬃcult to explain in
leptonic models, but may result more naturally in hadronic ones [D+12]. However, given
the sensitivity of current and currently planned neutrino detectors, it is unclear whether
neutrino signals from blazars can be detected in the forseeable future. Furthermore, also
leptonic model interpretations have been suggested to explain uncorrelated synchrotron
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(optical – X-ray) and γ-ray variability patterns [e.g., G+06], so that even such uncorrelated
variability can not be considered a unique diagnostic for hadronic emission.
Finally, we point out that our method is not limited to blazars, but may be applied to a
large variety of X-ray and γ-ray sources as long as SSC emission is produced in the
Thomson regime. The high energy emission from many other X-ray and γ-ray sources
(e.g., non-blazar AGN, gamma-ray bursts, microquasars, supernova remnants, ...), consists
of nonthermal synchrotron and inverse Compton emission to which our existing code can
be readily applied. In future work, we plan to extend our calculations to multi-zone
geometries, in which anisotropic particle distributions and arbitrary magnetic-field
configurations can be included. Using this code will allow us to verify the scaling
arguments used to estimate the realistically expected PD in not perfectly ordered magnetic
fields, as applied above, and to investigate the eﬀects of varying magnetic-field geometries
during γ-ray outbursts, as suggested by correlated optical – γ-ray flaring events in several
blazars [e.g., M+08].
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4 Synchrotron Polarization Signatures in the Blazar
Emission
The polarization signatures of the blazar emission are known to be highly variable. In
addition to small fluctuations of the polarization angle around a mean value, sometimes
large (￿ 180◦) polarization angle swings are observed. In this chapter, we present a
detailed analysis of time- and energy-dependent synchrotron polarization signatures for
the blazar emission. Our calculations employ a full 3D polarization-dependent radiation
transfer code, assuming a helical magnetic field throughout the jet. The code considers the
synchrotron emission from a helical magnetic field, and takes into account all
light-travel-time and other relevant geometric eﬀects, while the relevant synchrotron
self-Compton and external Compton eﬀects are handled with the 2D
Monte-Carlo/Fokker-Planck (MCFP) code. We suggest that 180◦ polarization angle
swings can naturally be interpreted as arising from light-travel-time eﬀects within an
underlying axisymmetric emission region. Finally, we present the first simultaneous fitting
of the multi-wavelength spectrum, variability and time-dependent polarization features of
a correlated optical and gamma-ray flaring event of the prominent blazar 3C 279, which
was accompanied by a drastic change of its polarization signatures. This unprecedented
combination of spectral, variability, and polarization information in a coherent physical
model allows us to place stringent constraints on the particle acceleration and
magnetic-field topology in the relativistic jet of a blazar, strongly favoring a scenario in
which magnetic energy dissipation is the primary driver of the flare event. The analysis
and results presented here have been published in [ZCB14, Z+15], and most of the text in
this section is taken directly from those papers. ©2014, AAS. Reproduced by permission
of the AAS.
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4.1 Introduction
Despite intensive observational and theoretical eﬀorts, the particle acceleration
mechanism, the energy source for flaring activity, and the inner-jet physical conditions,
such as the magnetic field topology, are not well understood. On the observational side,
the synchrotron component is known to be polarized, with polarization degrees ranging
from a few to tens of percent, in agreement with a synchrotron origin in a partially ordered
magnetic field. Several authors [e.g., LPG05, P+05] have shown that the observed
polarization degree and angle may reveal a helical magnetic field structure. Both the
polarization degree and angle are known to be highly variable. Large (≥ 180◦)
polarization angle swings have been frequently observed, and some recent observations
[M+08, M+10, A+10a] have shown that they are sometimes accompanied by simultaneous
optical and γ-ray flaring activities. When the polarization angle is not rotating, small
fluctuations of the polarization signatures around a relatively stable mean value are often
observed [e.g. A+14, M+14]. Time-symmetric polarization profiles are observed in both
cases, in particular a complete ∼ 180◦ polarization angle swing is often accompanied by a
drop of the polarization degree to nearly zero followed by a recovery back to its value
before the PA rotation (see the above references). On the theory side, the general
formalism for synchrotron polarization is well understood [e.g., Wes59]. Nevertheless, the
spectrum, variability and polarization signatures have never been combined into one
coherent physical model to understand the inner-jet physics. Models for synchrotron
polarization necessarily take into account the magnetic field topology and
polarization-dependent synchrotron emissivity, but often apply simple, time-independent,
power-law electron populations, and usually ignore the generation of high energy emission
[e.g., LPG05]. Thus they cannot produce full broadband spectral-energy-distributions
(SED) and variability. On the other hand, models presenting detailed calculations of
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broadband emission and variability typically assume a chaotic magnetic field, and ignore
any polarization-dependent emissivity and polarization information.
An attempt to combine polarization variability simulations with a simultaneous
evaluation of the high-energy emission, has recently been published by [Mar14]. In his
Turbulent, Extreme Multi-Zone (TEMZ) model, the magnetic field along the jet is
assumed to be turbulent (i.e., with no preferred orientation), but as electrons in a small
fraction of the jet are accelerated to ultrarelativistic energies when passing through a
standing shock, a variable, non-zero PD is expected stochastically from the addition of
synchrotron radiation from a small number of energized cells with individually
homogeneous magnetic fields. While this model does occasionally produce apparent PA
rotations, it seems diﬃcult to establish a statistical correlation between the flaring activity,
especially at high energies, and the PA swings in this model. More often, it is argued that
an initially chaotic magnetic field is compressed by a shock. As a consequence, in the
direction of the LOS, the magnetic field may appear ordered locally [e.g., Lai80].
Alternatively, strong synchrotron polarization may result in a model in which the emission
region moves in a helical trajectory [e.g., VR99] guided by a very strong large scale
magnetic field, so that the magnetic field inside the emission region is very ordered.
Helical magnetic fields may be a natural consequence of an initially toroidal magnetic
field, modified by a poloidal magnetic field generated by relativistic shear along the jet
[A+00]. In this case the changes of polarization degree and angle can be associated with
the motion of the emission region.
In this chapter, we investigate the synchrotron-polarization and high-energy emission
signatures from a shock-in-jet model, in which the un-shocked jet is pervaded by a helical
magnetic field. As the shock moves along the jet, it accelerates particles to ultrarelativistic
energies. We consider separately several potential mechanisms through which flaring
activity may arise in such a scenario. Additionally, we will consider several geometries for
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the emisssion region. For the purpose of our simulations, we will employ the
time-dependent MCFP code developed by [C+11, C+12] and the 3DPol code developed by
[ZCB14]. Based on this parameter study, we will present fittings to a prominent PA swing
event. We will present the code structures in Section 4.2, the flaring mechanism study in
Section 4.3, the geometric eﬀect study in Section 4.4, the fittings in Section 4.5, and
discuss the results in Section 4.6.
4.2 Code Structures
Our calculations of radiation and polarization signatures are realized by the coupling
of several codes, namely, the 2D multi-zone Monte-Carlo/Fokker-Planck radiation transfer
code (MCFP), mainly developed by [C+11, C+12], and the 3D Polarization-dependent
radiation transfer code (3DPol), developed by [ZCB14]. The structures of the codes can
be rather complex. In this section, we will briefly introduce the code structures, and try to
convey the main features of each code to the readers.
4.2.1 2D Monte-Carlo/Fokker-Planck Code
The purpose of the MCFP code is to study the snap-shot SEDs and variability of the
blazar emission for the leptonic model, based on an inhomogeneous emission region.
Therefore, the code needs time and spatial dependencies. The code applies a cylindrical
geometry for the emission region, and divides it into multi-zones in the R and Z directions,
assuming the axisymmetry for all parameters. The code will solve a Fokker-Planck
equation at each zone to evolve the local electron population n(γ, t), which is given by
∂n(γ, t)
∂t
= − ∂
∂γ
(n(γ, t)γ˙(γ, t)) +
∂
∂γ
(
γ2
2tacc
∂n(γ, t)
∂γ
) + Q(γ, t) − n(γ, t)
tesc
(4.1)
where the first term describes the acceleration and the cooling of the electrons,
γ˙(γ, t) = γ˙cool(γ, t) + γtacc , in which tacc is the time scale for the stochastic acceleration; the
second term describes the particle diﬀusion in the momentum space; and the last two
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terms describe the injection and escaping of particles, respectively, in which tesc is the
escaping time scale. The code then employs the Monte-Carlo method to generate and
track the photons. By the nature of Monte-Carlo photon tracing, all LTTEs are included.
The variability is generated by a stationary disturbance region, usually a shock, on the
trajectory of the emission region, which will modify the local physical quantities such as
the magnetic field.
The code structure is very complicated; the readers should refer to [C+11, C+12] for
details. In short, the code will first take homogeneous inputs for all the zones and evolve
the electrons and photons to an equilibrium. Then an axisymmetric disturbance will be
turned on, passing through the mission region. Both the particle evolution and the photon
tracking will be modified, which leads to a flare. At each Mont-Carlo time step, the code
will output a particle spectrum and a record of photons that come out of the boundary of
the emission region. All calculations are done in the comoving frame of the emission
region. A post-processing code will boost the emission into the observer’s frame, and
drive the snap-shot SEDs and light curves.
4.2.2 3D Polarization Code
The purpose of the 3DPol code is to analyze the time-dependent polarization
signatures of the blazar emission. Since the polarization signatures are a 3D feature, a 3D
geometry is required. Currently, the 3DPol code is coupled with the MCFP code,
therefore it takes the same cylindrical geometry, but further divides it into multi-zones in
the φ direction. However the axisymmetry for all physical quantities is still kept. The code
will take the particle population along with other general parameters used in the MCFP
code as inputs, therefore the time-dependent particle evolution is included. Nevertheless,
as the evaluation of the polarization-dependent emission can be time-consuming, we use
the ray tracing instead of the photon tracing so as to save computational power. The
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diﬀerence between the ray-tracing and the photon tracing is that the former assumes that
all emissions are created at the center of each zone, and will be emitted directly to the
observer along the LOS. As long as there are an adequate number of zones and careful
evaluation for the emission power along the LOS, the two methods will give almost
identical luminosity profiles.
The entire code package has around eight thousand lines. For simplicity, the code
will take exactly the same parameters and the particle spectra given by the MCFP code in
each zone at each time step, so that the disturbance is also turned on after the equilibrium.
The code will calculate the synchrotron emission and polarization for each zone at each
time step, according to the local magnetic field and the LOS. Then this information will be
transformed into the Stokes parameters. The code will then track the Stokes parameters
from each zone to the observer, and add up the ones with the same photon-arrival time.
All calculations are done in the comoving frame of the emission region as well. A
post-processing code will boost everything into the observer’s frame.
A variant of the 3DPol code is called the 3DPolR, which is designed for the radio
emission. Since the global blazar jet may have more complicated geometry, this code uses
Cartesian coordinates to mimic the geometry with multi-zones. Additionally, the Faraday
rotation and the SSA are included in the polarization-dependent ray-tracing. Finally, since
some radio jets are resolved in space, the post-processing code needs to consider spatial
resolution when it boosts radiation and polarization signatures.
We test the 3DPol code by comparing the luminosity profiles with the MCFP code,
and the polarization signatures from a perfectly ordered magnetic field with the
high-energy polarization code. The 3DPolR code is tested by comparing with 3DPol.
Although minor diﬀerences due to diﬀerent geometries and tracing mechanisms are
noticed, in general the results match each other. Fig. 4.1 shows a comparison of the
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low-energy SED component and light curves between the MCFP code and the 3DPol
code.
Figure 4.1: Comparison between the MCFP (bold lines) and the 3DPol (normal lines)
codes. Left: The SEDs of Mkn 421. The time bins are chosen the same for both codes.
Right: The light curves of Mkn 421. The energy bins are identical as well [ZCB14].
4.3 Flaring Mechanisms
In this section, we present case studies for two blazars as examples to apply our
polarization code: The high-frequency-peaked BL Lac object (HBL) Mkn 421 and the
Flat-Spectrum Radio Quasar (FSRQ) PKS 1510-089. Mkn 421 exhibited a correlated
X-ray and γ-ray flare in March 2001 [F+08b], which was monitored with excellent X-ray
and γ-ray coverage throughout the entire flare. PKS 1510-089 exhibited extended flaring
activity in 2008 – 2009. A particular flare in March 2009 was well covered by monitoring
observations in the infrared, optical, X-rays, and γ-rays [A+10b, D+11b, M+10].
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[C+11, C+12] presented model fits to snap-shot SEDs and light curves of these two
blazars, using their shock-in-jet model as described above. For Mkn 421, [C+11]
successfully modelled both snap-shot SEDs and light curves with a pure SSC
(Synchrotron-self-Compton) model. For PKS 1510-089, [C+12] found that, for the March
2009 flare, both a pure SSC model and an SSC+EC model produced reasonable, but
imperfect fits. A pure SSC model predicted too hard spectral slopes at X-ray and infrared
frequencies, while an EC model achieved satisfactory fits to snap-shot SEDs and light
curves, at the expense of an extremely short particle escape time scale, which awaits
further explanation. In the most favourable EC model by [C+12], the external radiation
field was the infrared radiation from a dusty torus.
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Figure 4.2: Left: Sketch of the geometry used in the MCFP code, adapted from [C+12].
Right: Sketch of the geometry (in the co-moving frame) of 3DPol. The model uses
cylindrical coordinates, (r, φ, z), with nr, nφ, nz being the number of zones in the respective
directions. We define a corresponding Cartesian coordinate system (x, y, z) where z is along
the axis of the cylinder and the x-axis is along the projection of the LOS onto the plane
perpendicular to z. The Cartesian coordinates (x0, y0, z0) are defined so that x0 is along
the LOS and z0 is the projection of the cylindrical axis onto the plane of the sky. Both
Cartesian coordinate systems are in the co-moving frame of the emission region. θobs is the
observing angle between x0 and z. Consequently, if θobs = 90◦, (x, y, z) = (x0, y0, z0). The
cyan, dark-green and maroon regions represent far-side (left), middle and near-side (right)
zones, respectively.
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The purpose of this section is to study the polarization signatures resulting from
various flaring mechanisms. In order to facilitate a direct comparison, we will employ
similar parameters as in [C+11, C+12], in particular, we choose the same initial
parameters. In addition, we keep the assumption that the disturbance is due to a shock.
Also, for the purpose of these generic case studies, we do not introduce any turbulent
magnetic field contribution. However, the shock parameters may vary. Fig. 4.2 exhibits
the basic geometry of our model. Since both the MCFP and 3DPol codes are
time-dependent, we allow for an initial period for the electrons and the photons to reach
equilibrium, before we introduce the parameter disturbance produced by the shock. In all
our results the plots illustrate the results after this equilibrium has been reached. As the
flaring activity exhibits diﬀerent characteristics in duration and in strength for diﬀerent
cases, we define similar phases in the flare development for the purpose of a direct
comparison. These phases correspond approximately to the pre-flare, early flare, flare
peak, late flare, and post-flare states.
Due to the relativistic aberration, even though we are observing blazars nearly along
the jet in the observer’s frame (typically, θ∗obs ∼ 1/Γ, where Γ is the bulk Lorentz factor of
the outflow along the jet), the angle θobs between LOS and the jet axis in the comoving
frame is likely much larger. Specifically, if θ∗obs = 1/Γ, then θobs = 90
◦. In all of the
following simulations, we choose θobs = 90◦ in the comoving frame, and hence, the
Doppler factor δ ≡ ￿Γ [1 − βΓ cos θ∗obs]￿−1 = Γ. But we will present case studies to
demonstrate that the polarization signatures are only weakly dependent on the exact value
of θobs.
We define the PA in our simulations as follows. PA = 0 corresponds to the electric
field vector being parallel to the projection of the cylindrical axis on the plane of sky. An
increasing PA corresponds to counter-clockwise rotation with respect to the LOS, to 180◦
when it is anti-parallel to the projected cylindrical axis (which is equivalent to 0 due to the
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180◦ ambiguity). Based on the above definition, the Stokes parameters normalized by
luminosity for one zone with its projected magnetic field directed in the range of 0 – 45◦ is
in the form of (1,−|q|, |u|), in the range 45◦ – 90◦ it is (1, |q|, |u|), for −45◦ – 0 it is
(1,−|q|,−|u|), and for −90◦ – 45◦ it is (1, |q|,−|u|). This convention will be frequently used
in the following text. All results are shown in the observer’s frame.
Table 4.1 lists some key parameters. We assume that the initial nonthermal electron
density ne is the same in every zone. The initial electron spectrum has a power-law shape
with index p and minimum and maximum cut-oﬀ energies γmin and γmax, which will evolve
according to the Fokker-Planck equation. The entire emission region is a cylinder of a
length Z and a radius R, with a bulk Lorentz factor Γ, while the stationary shock is also a
cylinder of radius R but of length z = Z/10. The helical magnetic field has a magnitude B
and pitch angle θB. In all cases that we discuss in this paper, the initial magnetic field is
oriented at θB = 45◦, so that the toroidal and the poloidal components of the magnetic field
are equal. This choice is not required, but it aids to illustrate that even with equal toroidal
and poloidal components, the polarization will have an excess from the poloidal
component of the magnetic field, due to the fact that the projection of the two components
onto the plane of sky will generally not be equal, as we will show in the following.
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Table 4.1: Summary of model parameters for various flaring mechanisms. Top: Initial
parameters. Notice that γmin, γmax and p can change before the electrons reach pre-flare
equilibrium. Bottom: Shock parameters for each scenario. s-superscript indicates the
parameters during the shock. For scenario 1 and 2, we chose the same shock parameters
for both sources. The parameter Bs/B is the magnetic-field amplification factor. θss is the
magnetic-field pitch angle in the shocked region. For Scenario 4, we list the parameters for
the injected electron distribution in the shocked region.
Parameters Initial Condition
Source Mkn 421 PKS 1510-089
Bulk Lorentz factor Γ 33.0 15.0
Length of the emission region Z (1016cm) 1.0 8.0
Radius of the emission region R (1016cm) 0.75 6.0
Length of the shock region L (1016cm) 0.1 0.8
Magnetic field B (G) 0.13 0.2
Magnetic field orientation θB 45◦ 45◦
Electron density ne (102cm−3) 0.8 7.37
Electron minimum energy γmin 102 50
Electron maximum energy γmax 105 2 ∗ 104
Electron spectral index p 2.3 3.2
Electron acceleration time-scale tacc (Z/c) 1.0 0.09
Electron escape time-scale tesc (Z/c) 0.3 0.015
Orientation of LOS θobs 90◦ 90◦
Parameters Scenario 1 Scenario 2
Bs/B
√
50
√
50
θsB 84.261
◦ 45◦
Parameters Scenario 3
Source Mkn 421 PKS 1510-089
tsacc/tacc 1/5 1/3
Parameters Scenario 4
Source Mkn 421 PKS 1510-089
Inj. γmin 102 3 ∗ 102
Inj. γmax 3 ∗ 104 2 ∗ 105
Inj. p 1.0 3.2
Inj. rate (erg/s) 5.0 ∗ 1040 5.0 ∗ 1044
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4.3.1 Change of the Magnetic Field Orientation
Figure 4.3: Flaring scenario 1 (change of direction and strength of the magnetic field)
for Mkn 421. Left: The SEDs of Mkn 421 from the MCFP code. SEDs are chosen at
approximately the beginning of the flare (black solid), peak (red dash), after peak (purple
short dash), ending (blue dash dot) and back to equilibrium (orange dash dot dot), with the
same time bin size. Right: The light curves of Mkn 421 from the MCFP code, chosen at
infrared (black solid), optical V band (red dash), UV (purple short dash) and soft X-ray
(blue dash dot) frequencies.
In this scenario, the shock instantaneously increases the toroidal magnetic-field
component at its location, so as to increase the total magnetic field strength and change its
orientation in those zones. The new magnetic field will be kept until the shock moves out
of the zone; at that time, it reverts back to its original (quiescent) strength and orientation
due to dissipation.
For Mkn 421, since both synchrotron and SSC are proportional to the magnetic field
strength, we see flares in both spectral bumps, though the γ-ray flare has a much lower
amplitude (Fig. 4.3 left). It is also obvious that the polarization degree has a dependence
on the photon energy, although patterns above ∼10 keV are resulting from the electron
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distribution cut-oﬀ. In addition, it also has a time dependency (Fig. 4.4). We notice that
the synchrotron emission from the unshocked jet has a PD of about 25 %. This is because
the projected poloidal component Bz0 on the plane of sky is larger than the projected
toroidal component By0 , so that there is an excess in the contribution of the poloidal
component to the polarization. The value of 0.25 is specific to the choice of initial
conditions with θB = 45◦, and would change for diﬀerent values of θB and θobs and/or
electron spectral index. As will be discussed in detail below, this geometric eﬀect plays a
significant role for the origin of polarization signatures. It is interesting to note that, unlike
the light curve, which is symmetric in time, the PD has an asymmetric time profile,
especially for higher energies. Furthermore, the polarization angles are shown to have
∼180◦ swings, although the X-ray polarization angle reverts back to its original
orientation after the initial ∼ 90◦ rotation, instead of continuing to rotate in the same
direction, as in the lower-frequency bands. As we will elaborate in detail below, all these
phenomena can be explained as the combined eﬀect of electron evolution and LTTE.
Figure 4.4: Flaring scenario 1 for Mkn 421. Upper left: The synchrotron SEDs of Mkn 421
from the 3DPol code, and lower left: the PD vs. photon energy. The time bins are chosen
the same as in Fig. 4.3. Upper right: The PD vs. time, and lower right: the PA vs. time.
The energy bands are chosen the same as in Fig. 4.3 as well.
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Since we assume that every zone in the jet has identical initial conditions and the
shock will make the same change everywhere, we can simply choose one zone to
represent the electron evolution of the emission region (strictly speaking, due to internal
LTTE and other geometric eﬀects, diﬀerent zones will be subject to slightly diﬀerent SSC
cooling rates; however, we have carefully checked the electron spectra and found this
eﬀect to be negligible in the cases studied here). This is illustrated in Fig. 4.5 left. When
the shock reaches the zone, it will increase the magnetic field strength, hence synchrotron
cooling becomes faster. Therefore the electron spectrum becomes softer while the shock is
present, especially at higher electron energies, resulting in a higher possible maximal
polarization degree (Πmax = p+1p+7/3 , where p is the local electron spectral index in the
energy range responsible for the synchrotron emission at a given frequency, see Section
2.1; hereafter Πmax stands for the theoretical maximal polarization degree for a given
nonthermal electron spectrum in one zone, irrespective of any contaminations or LTTEs).
After the shock leaves the zone, the electrons gradually evolve back to equilibrium. This
process takes longer at higher energies, hence the PD for more energetic photons recovers
more slowly. Nevertheless, the X-ray light curve appears to evolve faster than at the
lower-frequency ones. The reason for this is that the flare amplitude (compared to the
equilibrium emission) is so low at X-ray frequencies, that even if the electrons have not
yet reached equilibrium near the end of the flare, their contribution to the total synchrotron
flux is negligible.
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Figure 4.5: The electron spectra chosen at diﬀerent time steps (code unit) for scenario 1 for
Mkn 421 (left) and for PKS 1510-089 (right). 0: shock turns on (identical to the pre-shock
equilibrium, since the electrons have no time to evolve); 2: in the middle of the shock;
4: shock just turns oﬀ; and the final time step which varies by scenarios and sources is
when the electron has evolved to the post-shock equilibrium (although given enough time,
electrons will evolve back to the pre-shock equilibrium, but that process is extremely slow
and not relevant to both luminosity and polarization). The region between magenta vertical
lines represent the electron energies that correspond to the photon energies we choose in the
light curves and polarization vs. time plots. Dashed is infrared, dotted is optical, dashed-
dotted is UV, solid is radio (PKS 1510-089 only), short-dashed is X-rays (Mkn 421 only).
We now discuss the influence of LTTEs on the polarization signatures. The situation
is illustrated in Fig. 4.6. In equilibrium, the Stokes parameter u (lowercase means the
normalized Stokes parameters) will cancel out because of the axisymmetry. Additionally,
despite the fact that θB = 45◦ implies Bφ = Bz, the “eﬀective toroidal component”, By0 , i.e.,
the y0 component of B⊥ on the plane of sky in the comoving frame, which is generally a
fraction of Bφ, is lower than the “eﬀective poloidal component”, which is equal to Bz.
Thus, the polarization is dominated by Bz. Therefore at the initial state, the PD is
relatively low, and the PA is at 270◦ (or 90◦, considering the 180◦ ambiguity). However,
when the shock reaches the emission region, Bφ begins to dominate. Due to LTTE, the
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observer will initially only see the right side of the flaring region (Fig. 4.6 left), which has
a preferential magnetic field predominantly in the +y0 direction (Figs. 4.6 left, 4.7 red).
Since the emission from the flaring region is much stronger than other parts of the
emission blob, it will quickly cancel and then dominate over the polarization caused by
Bz0 in the background region. Hence the PD will first drop to almost zero and then rapidly
increase, while the PA will drop to ∼180◦, representing an electric-field vector directed
along the jet, caused by the dominant By0 . Furthermore, the electron spectrum evolves
relatively slowly and the cooled high energy electrons give rise to very high Πmax.
Therefore, the observed polarization will have contributions not only from the flaring
region, but also from zones with more evolved electron distributions, where the shock has
passed recently. We can observe in Fig. 4.6 that this “polarization region” is not
symmetric from pre-peak to post-peak, resulting in an asymmetry in time, especially at
higher energies.
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Figure 4.6: Sketches of a vertical slice of the cylindrical emission region at diﬀerent times.
Left: Sketch for Mkn 421. Right: Sketch for PKS 1510-089. The LOS is assumed to
be directed in +x. The shock propagates through the jet from top to bottom. Solid lines
demarcate regions in the jet where the shock is present at equal photon-arrival times at
the observer. Red, green and blue colors represent the early flare, flare peak and late flare,
corresponding to the maroon (near-side), dark green (middle) and the cyan (far-side) in Fig.
4.2. The flaring region is between the bold and the thin solid lines, which correspond to the
zones where the shock is currently present. The shaded region between the bold solid line
and the dashed line is what we call the polarization region, containing the flaring region and
the evolving region of recently shock-accelerated electrons. The dotted line represents the
zones where electrons have evolved to the post-flare equilibrium. Although the electrons in
the region between the dashed line and the dotted line are still evolving, their contribution
to the polarization is negligible. Hence all points outside the polarization region are called
the background region, or the non-flaring region.
There is, however one additional factor. We can see in the light curves (Fig. 4.3 right)
that the X-ray flare-to-equilibrium ratio is much smaller than at lower energies. Hence, in
X-rays, the flaring region takes longer to dominate the polarization patterns, and they
revert back to equilibrium faster. Furthermore, high energy electrons take longer to evolve
back to equilibrium. This is because the MCFP code contains an energy-independent
acceleration time scale tacc, therefore, since the high-energy end of the electron spectrum
has been entirely depleted of electrons during the flaring event, the highest electron
energies will be the last to be gradually re-populated from lower energies, while still
providing a considerable Πmax. For this reason, the X-ray polarization region will be much
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larger than at lower energies. Therefore, when the flaring region moves to −x in Fig. 4.6,
where the preferential magnetic field is directed in −y0, the X-ray photons will be
dominated by the background region on the +x side, although lower energy photons are
still dominated by the flaring region. This gives rise to the interesting phenomenon that at
lower energies the PA will continuously drop to 90◦ (which is equivalent to 270◦ because
of the 180◦ ambiguity) as the polarization region gradually moves to −x and out of the
emission region; while for X-rays it instead reverts back, as the evolving region on the +x
side dominates the polarization, causing the magnetic field again to be preferentially
oriented in the +y0 direction, mimicking the pre-peak situation.
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Figure 4.7: Sketches of magnetic field in the emission blob for θobs = 90◦. Left: Sketch for
the magnetic field in one emission zone. The coordinates are the same as illustrated in Fig.
4.2. The total magnetic field B in that zone is assumed to have only two components, Bz
and Bφ; θB is the angle between B and the z-axis. B⊥ is the projection of B on the plane of
sky (y0, z0). Right: Sketch for B⊥ at diﬀerent locations in the emission region. Red and blue
correspond to the regions shown in Fig. 4.6, while yellow and cyan both refer to the green
region in Fig. 4.6. The diﬀerence is that the yellow region refers to the back side (+y) of
the cylinder, while the blue side is the front side (−y). When θobs = 90◦, the z0 component
of B⊥, Bz0 = Bz throughout the emission blob, while By0 ≤ Bφ, and equality is obtained at
the x = +rmax (red) and x = −rmax (blue) boundaries. The bold arrows represent the initial
magnetic field orientation (θB = 45◦), while the narrow arrows illustrate the magnetic field
orientation change in scenario 1 (θB ∼84.3◦).
PKS 1510-089 presents a similar situation, although there are some major
diﬀerences. First, PKS1510-089 requires a dominating EC component at γ-ray energies,
which is independent of the magnetic field strength. Thus in the current scenario, no flare
is visible in the Compton bump (Fig. 4.8 left). Also, due to the contamination of the
external thermal radiation from the dust torus in the optical and UV bands (Fig. 4.9 left),
which is unpolarized, the observed PD will be considerably diminished, especially at UV
wavelengths. On the other hand, the EC fit required softer electron spectra (Fig. 4.5 right);
consequently, Πmax (the maximum possible polarization in the nonthermal synchrotron
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component) is much higher. Therefore at the flare peak, the PD rises up more than that in
Mkn 421. Additionally, the relative electron evolution rate is faster (although the total
flare time is longer than that of Mkn 421, due to the larger dimensions of the emission
region). As a result, the polarization region is much smaller, nearly equivalent to the
flaring region (Fig. 4.6 right). This will make the polarization region highly symmetric
from pre-peak (+x) to post-peak (−x), so that the time asymmetry found in Mkn 421 is not
present in the case of PKS 1510-089. Additionally, at the flare peak the polarization
region itself will concentrate on the central region (green) in Fig. 4.6, where By0 is much
weaker. Thus, the polarization dominated by the eﬀective toroidal component will be
diminished to a certain extent, creating a plateau at the flare peak, which is much lower
than Πmax ￿0.75. In fact, we also find a similar but weaker eﬀect in Mkn 421, due to a
larger polarization region; at X-rays, however, the very large polarization region
suppresses this eﬀect, which is why the X-ray PD exhibits a pronounced peak.
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Figure 4.8: Flaring scenario 1 for PKS 1510-089. Left: SEDs of PKS 1510-089 including
the external photon field contribution, at approximately the beginning of the flare (black
solid), before peak (red dash), peak (purple short dash), after peak (blue dash dot) and
back to equilibrium (orange dash dot dot), with the dotted line for the external photon field
contribution. Right: The light curves including the external photon field contribution, at
radio (black solid), infrared (red dash), optical V band (purple short dash), UV (blue dash
dot).
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Figure 4.9: Flaring scenario 1 for PKS 1510-089. Upper left: The synchrotron SEDs,
including the external photon field, from 3DPol, with the dotted line for the external photon
field contribution; and lower left: the PD vs. photon energy with the external photon
contamination considered, where dotted lines represent the PD without the contamination.
Upper right: The PD vs. time with external contamination, and lower right: PA vs. time.
There is an ambiguity in the helical magnetic field handedness. In our model setup,
we chose it to be right-handed and against the bulk motion direction. If it were
left-handed, the PA rotation would appear to be in the opposite direction, but everything
else would remain the same. Also notice that even the light curves will not be symmetric
in time because of the asymmetry in time between the dynamics of the shock moving
through the emission region and the electron cooling. However, in cases where the size of
the active region, energized by the passing shock, is much smaller than the overall jet
emission region (e.g., due to dominant EC cooling, the time scale for electron evolution in
PKS 1510-089 is much shorter than in the case of Mkn421), this eﬀect is minor, yielding
nearly symmetric light curves.
The γ-ray emission from PKS 1510-089 is due to EC, for which changes in the
synchrotron component are irrelevant, while the light curve features in our code are
identical to those resulting from the MCFP code, as presented in [C+11, C+12]. In the
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discussion of the following scenarios, we will show the time-dependent SEDs and light
curves only for Mkn 421, and restrict the discussion of PKS 1510-089 to the polarization
signatures.
Figure 4.10: Flaring scenario 2 (increasing magnetic-field strength with unchanged
orientation) for Mkn 421. Panels and line styles are as in Fig. 4.3.
Figure 4.11: Flaring scenario 2 for Mkn 421. Panels and line styles are as in Fig. 4.4.
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4.3.2 Increase of the Magnetic Field Strength
Figure 4.12: Flaring scenario 2 for PKS 1510-089. Panels and line styles are as in Fig. 4.9.
In this scenario, we assume that the shock only increases the total magnetic field
strength at its location, leaving its orientation unchanged. Since the electron evolution is
independent of the magnetic field orientation, it appears identical to the above scenario
(Fig. 4.5). The same applies to the SEDs and light curves. However, the polarization
patterns in time show major diﬀerences. Since the magnetic field is oriented at 45◦ to the
z-axis, Bφ and Bz will be equal throughout the emission region. Due to axisymmetry, B⊥ in
the polarization region will be confined in a cone of ±45◦. Therefore, the polarization
induced by Bz, is always dominant, so that the PA will be confined to at most (45◦, 135◦).
Since also the polarization of the background region is dominated by the eﬀective poloidal
component, these two will add up, resulting in a slightly higher maximal polarization
degree compared to scenario 1. However, in the immediate neighborhood of the starting
and ending points of the flare, the situation is a little bit diﬀerent: although the eﬀective
toroidal component By0 is still weaker than Bz0 , the two components are closer in
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magnitude. Hence Bφ will diminish the PD by a small amount. Thus the two sharp dips
shown in the previous PD patterns become much smaller.
Figure 4.13: Scenario 3 (shortened acceleration timescale) for MKN 421. Panels and line
styles are as in Fig. 4.3.
After that, again due to LTTE, only the +x side of the flaring region is observed
initially, which has a preferential magnetic field oriented at ∼−135◦ (Fig. 4.7). Therefore
the polarization is dominated by Stokes parameter U. Hence we observe that the PD
increases and the PA moves to 45◦. However, a basin forms at the flare peak, replacing the
previous plateau, and the PA moves back to 90◦. This is because the polarization region at
the flare peak (green in Figs. 4.6, 4.7) is dominated by Bz, while the background region on
the −x and +x side is just like the initial state. Therefore, the Stokes parameter U
contributions will cancel out due to axisymmetry, leaving the polarization dominated by
Bz. The same applies when the polarization region moves to the post-peak position (blue
in Fig. 4.6). Slight diﬀerences in the X-ray behavior are again explained by the slower
electron evolution back to equilibrium.
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Figure 4.14: Scenario 3 for MKN 421. Panels and line styles are as in Fig. 4.4.
4.3.3 Shortening of the Acceleration Time Scale
In this scenario, the shock is assumed to lead to more eﬃcient particle acceleration
by instantaneously shortening the local acceleration time scale. As a result, the electrons
will be accelerated to higher energy, leading to flares in both synchrotron and Compton
emission (Figs. 4.13 left, 4.15 upper left). At the same time, the peaks of both spectral
components move to considerably higher energies. However, since the magnetic field
orientation remains unchanged, as in the previous scenario, the PA will stay confined to at
most (45◦, 135◦).
For Mkn 421, due to the unchanged magnetic field, the higher-energy electrons take
longer to cool than in the previous scenarios so that the flare duration is longer. Also, the
electron spectral index remains nearly constant while the shock is present (Fig. 4.16 left),
so that Πmax will be nearly unchanged throughout the emission region. However, after the
shock leaves a given zone, the spectrum hardens at lower energies while softening at
higher energies. Since this eﬀect acts extremely slowly and is very weak, its contribution
to both luminosity and the polarization can only be seen during the post-peak phase. As a
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result, the polarization region dominates only because of its high luminosity. Another
reason for the diﬀerent polarization behavior with respect to the previous scenarios is that
the polarization region is larger, containing more evolving zones. This eﬀect is especially
strong after the flare peak, when much of the emission region has been aﬀected by the
shock. Consequently, the emission region is nearly equivalent to the initial state, except
that all zones radiate with higher luminosity. Therefore, we see that the PD is lower
overall than in the previous scenarios, and the pre-peak PD is higher than in the post-peak
phase. Just like the light curves, also the PD takes longer to evolve at higher energies.
Figure 4.15: Scenario 3 for PKS 1510-089. Panels and line styles are as in Fig. 4.9.
The situation for PKS 1510-089 is somewhat diﬀerent. When the shock reaches a
given zone, the shortened acceleration timescale results in a much harder spectrum, which
will give lower Πmax. After the shock leaves the zone, due to the strong EC cooling, the
electron spectrum quickly evolves back to equilibrium (Fig. 4.16 right). As a result, the
polarization region is very narrow. However, a much more significant factor is that the
flare-to-equilibrium luminosity ratio is very large in this case (Fig. 4.15 left). Therefore,
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the contribution from background regions to the polarization is negligible. Hence,
although Πmax is lower in the polarization region, this eﬀect is compensated by the highly
ordered magnetic field in the polarization region in the pre-peak (∼−45◦) and post-peak
(∼−135◦) periods of the flare. The basin at the flare peak is, again, due to the axisymmetry
of the polarization region. The PA shows similar features, achieving its minimum quickly
at the beginning of the flare, gradually evolving to 90◦ at the peak, then to maximum at the
end of the flare and back to 90◦ in equilibrium. There is one exception, however: at radio
frequencies, the flare-to-equilibrium ratio is nearly 1, thus we see both the polarization
degree and angle staying nearly constant.
Figure 4.16: Time evolution of the electron spectra for scenario 3. This case has two
additional lines (navy dot and wine short dot) in Mkn 421 in the evolving period to show
the hardening at lower energies and the softening at higher energies. Otherwise panels (left:
Mkn 421; right: PKS 1510-089) and line styles are as in Fig. 4.5.
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Figure 4.17: Scenario 4 (injection of additional high-energy electrons) for Mkn 421. Panels
and line styles are as in Fig. 4.3.
Figure 4.18: Scenario 4 for Mkn 421. Panels and line styles are as in Fig. 4.4.
4.3.4 Injection of Particles
In this scenario, the shock is assumed to continuously inject relativistic particles in
the zones that it crosses (parameters for the injected electrons can be found in Table 4.1).
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The newly injected electrons will evolve and radiate immediately after the injection, in the
same way as the original electrons in that zone. This scenario is similar to the previous
one, except for the following diﬀerences.
Figure 4.19: Scenario 4 for PKS 1510-089. Panels and line styles are as in Fig. 4.9.
First, in the case of Mkn 421, the newly injected electrons occupy an energy range
not extending beyond the equilibrium electron distribution (see Fig. 4.20 left). In
particular, the flare electron spectrum will not extend to higher energies than the
equilibrium distribution, and therefore the electron cooling timescales remain almost
unaﬀected. Consequently, the X-ray flare in Mkn 421 again stops earlier (Fig. 4.17 right).
Second, although immediately after the injection the electron spectrum hardens, at the
highest energies, it will become softer than the initial spectrum while the additional
high-energy electrons cool oﬀ to lower energies, resulting in a higher Πmax. However, at
lower energies the flare electron spectrum will generally be harder than the equilibrium
spectrum. Therefore, the PD in general increases at higher energies, but decreases at
lower energies (Figs. 4.17 lower left, 4.19 left). The same applies to PKS 1510-089, but
we observe that the PD increases a little bit in radio but decreases in ultraviolet. The
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reason is that the radio has a little bit higher flare-to-equilibrium luminosity ratio than that
in the previous scenario, while that for ultraviolet is lower, so that its polarization is
contaminated more by the external photon field in the dusty torus. The PA changes follow
similar patterns as in the previous scenario.
Figure 4.20: Time evolution of the electron spectra for scenario 4. Notice in this case the
spectra at pre-shock equilibrium and at the onset of the shock are diﬀerent, as the electrons
are injected. Panels (left: Mkn 421; right: PKS 1510-089) and line styles are as in Fig. 4.5.
4.3.5 Dependence on the Viewing Angle
We have so far assumed that we are observing the blazar jet from the side (θobs = 90o)
in the co-moving frame, due to relativistic aberration. However, the relativistic beaming
eﬀects will be very similar for viewing angles that are a few degrees oﬀ this angle — in
particular towards smaller viewing angles. Here we investigate the scenario 1 (for which
we have shown that large PA rotations are naturally predicted) under two diﬀerent
viewing angles, θobs, namely 60◦ and 80◦, to illustrate this geometric eﬀect on the
polarization. Although θobs can in principle be greater than 90◦, it is unlikely that θobs is
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much greater than 90◦, as we expect statistically to observe most blazar jets from within
the relativistic beaming cone, given by θ∗obs ￿1/Γ in the observer’s frame, which
corresponds to θobs ￿ 90◦ in the comoving frame.
Figure 4.21: Similar to Fig. 4.7 but for θobs = 60◦. Here the yellow (+y) and cyan (−y)
regions are not symmetric, hence the strengths of Bx0 and By0 change accordingly.
With a θobs value diﬀering from 90◦, the polarization region will be a bit smaller and
located diﬀerently. By0 is as well not aﬀected, but the major change here is Bz0 . We
observe that B⊥, as well as the eﬀective poloidal component Bz0 , is stronger in −y while
weaker in +y (Fig. 4.21). Thus the axisymmetry in the previous discussions is invalid. As
a result, the emission from −y, where B⊥ has a relatively stronger poloidal contribution,
will dominate over the emission from +y, where B⊥ has a dominant toroidal contribution.
However, in the initial state, although Bz0 is stronger near the −y axis, it is much weaker
near the +y axis and near the x = ±rmax boundaries, thus the polarization due to Bz0 is
overall weaker than that in the θobs = 90◦ case. Therefore, at the pre-flare and post-flare
equilibrium states, the PA has the same value as before, while the PD is lower.
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Figure 4.22: Polarization vs time plots for flaring scenario 1, for θobs = 60◦, for comparison
with Figs. 4.4 and 4.9. Left: Mkn 421. Right: PKS 1510-089.
Figure 4.23: Same as Fig. 4.22, except now θobs = 80◦.
During the flare, however, unlike in scenario 1, where amplification of Bφ leads to a
dramatic increase in By0 , this time it also contributes to Bz0 , especially at the flare peak
(Fig. 4.21). As a result, the polarization due to By0 will be balanced out more by that from
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Bz0 . Hence the polarization caused by the toroidal magnetic-field component takes longer
to reach maximum after its dominance over the original polarization due to Bz0 , so that the
dip in the PD vs time is wider (Figs. 4.22, 4.23), and the polarization percentage is
generally lower with smaller θobs (obviously, the net polarization goes to zero in the limit
θobs → 0◦). This eﬀect is particularly strong in the θobs = 60◦ case shown in Fig. 4.22),
where we observe that in the pre-peak and the post-peak flaring state, there are two small
dips in the polarization percentage with corresponding fluctuations in the PA. This is
because the toroidal component is less dominant: at the beginning of the flare, the
polarization region is small, but the toroidal component is highly ordered and is oriented
in the y0 direction (Fig. 4.21). This will give strong polarization in PA = 180◦, which will
quickly cancel out the background PA = 270◦ polarization and dominate. However, when
the polarization region moves closer to the center, Bz0 will increase on the −y side, which
dominates the emission; meanwhile, the background region will be dominated by
emission from the central and −x regions, which will have stronger poloidal polarization
than produced in the +x region in the initial state. Hence, the poloidal contribution to the
polarization increases. When the polarization region moves to the flare-peak position,
however, the central region is aﬀected by the shock. Although Bz0 will become even
stronger near the −y axis, B⊥ in its neighborhood has a stronger By0 component. Since the
polarization region extends to neighboring regions, the polarization due to By0 will regain
its dominance. The post-peak and the post-flare equilibrium evolve in the same way, as the
polarization region is symmetric in the time domain, except for slight diﬀerences in X-ray.
4.4 Geometric Eﬀects
The purpose of this section is to study geometric eﬀects on the polarization
signatures, in particular the PA variability. The geometries are chosen in such a way that
the first two cases correspond to 180◦ PA swings, while the other two cases are aimed to
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study small-scale PA fluctuations. In order to facilitate a direct comparison with Section
4.3, we choose the same quiescent state parameters and similar phases in the flare
development.
Table 4.2 lists some key parameters. The emission region is a cylinder of length Z
and radius R, traveling at a bulk Lorentz factor of Γ in the observer’s frame, when it
encounters a flat, uniform, stationary disturbance of length L and radius A. The
Fokker-Planck equation takes into account the acceleration time-scale tacc and escape
time-scale tesc, both in units of Z/c; however, the total number of electrons is conserved,
hence the escaping electrons will be balanced by thermal electrons picked up from the
background. In the quiescent state the emission region is pervaded by a helical magnetic
field BH oriented at a pitch angle θB, and possibly a turbulent contribution, where the total
magnetic-field strength is B. However, in this geometric eﬀect study, we do not introduce
any turbulence, therefore BH = B. Initially a power-law distribution of nonthermal
electrons with a power-index p and minimum and maximum energies γmin and γmax,
respectively, with density ne, will have evolved to an equilibrium according to the
Fokker-Planck equation in the emission region before the interaction with the disturbance.
The disturbance will change the layers in the emission region at its location into an active
state. In cases 1, 2 and 4, the disturbance, which is in the form of a shock, will compress
the local magnetic field, so that the magnetic field strength will be amplified by a factor of
Bs/B, and the pitch angle will change to θsB. In case 3, the shock will instead shorten the
acceleration time scale by a factor of tsacc/tacc, so as to increase the acceleration eﬃciency.
4.4.1 B-field Compression, Z < 2R
We first apply scenario 1. Section 4.3 has considered a very extreme case, where the
shock increases the toroidal component by a factor of ten, so that the total magnetic field
is increased by approximately a factor of seven, and θB increases from initially 45◦ to
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Table 4.2: Summary of model parameters for the geometric eﬀects. Top: General properties
valid for all cases. Notice that γmin, γmax and p describe the injection of nonthermal
particles and the electron distribution will reach an equilibrium before interacting with the
disturbance. Bottom: Parameters for each case. The s-superscript indicates the parameters
during the presence of the shock. The parameter Bs/B is the magnetic-field amplification
factor, tsacc/tacc is the acceleration time scale shortening factor, and θsB is the magnetic-field
pitch angle in the shocked region.
Parameters General Properties
Bulk Lorentz factor Γ 15.0
Total (helical) magnetic field B (G) 0.2
Initial electron density ne (102cm−3) 7.37
Initial electron minimum energy γmin 50
Initial electron maximum energy γmax 20000
Initial electron spectral index p 3.2
Electron acceleration time-scale tacc (Z/c) 0.09
Electron escape time-scale tesc (Z/c) 0.015
Orientation of LOS θobs (◦) 90
Parameters Case 1 Case 2 Case 3 Case 4
Helical pitch angle θB (◦) 45 45 65 45
Length of the emission region Z (1016cm) 8.0 18.0 18.0 8.0
Radius of the emission region R (1016cm) 6.0 4.0 4.0 6.0
Length of the disturbance L (1016cm) 0.8 1.8 1.8 0.8
Radius of the disturbance A (1016cm) 6.0 4.0 4.0 1.778
Bs/B
√
3 + 1
√
3 + 1 −− √3 + 1
θsB (
◦) 75 75 −− 75
tsacc/tacc −− −− 1/2.5 −−
approximately 84◦. Such strong alteration in the magnetic field results in a drastic change
in the polarization signatures; however it will require a huge amount of energy conversion
within small time windows when the disturbance is turned on and oﬀ, which is unlikely to
happen in practice. Here we investigate a case with a moderate change in the magnetic
field, where θB of the total magnetic field increases from 45◦ to 75◦. To mimic a spherical
volume for the emission region, we choose R : Z = 1 : 43 , so that Z < 2R, and the
disturbance will occupy the entire layer, i.e., A = R (hereafter Geometry I).
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Since the total magnetic field is not increased much, we observe in Fig. 4.24 (upper
left) that the synchrotron flux exhibits only a small flare. But in general we observe
similar time and photon energy dependencies of the polarization signatures as in scenario
1. Initially, due to the axisymmetry and the mildly stronger projected poloidal component,
the initial Stokes vector is (1,−|q|, 0), leaving PA at 270◦ (equivalent to 90◦). When the
shock moves into the emission region, it will increase the toroidal component of the
magnetic field at its location, resulting in slightly stronger emission and enhanced
synchrotron cooling (Fig. 4.25 left). Additionally, during the presence of the disturbance,
the active region has θB = 75◦. The combined eﬀect is that the active region will have a
larger contribution to the polarization, with the Stokes parameters generally in the form of
(1, |q|, |u|) or (1, |q|,−|u|). Due to LTTEs, although the shock is flat in the co-moving frame,
the active region at equal photon-arrival times will be distorted, as shown in Fig. 4.26a, b.
In the early flare phase, only the region facing the observer (red in Fig. 4.26) contributes
to the flare, where the initial Stokes parameters in the form of (1,−|q|, |u|) will be replaced
by the active state (1, |q|, |u|). Therefore the initial PA = 270◦ will gradually move to 225◦,
and the PD will decrease at the same time. When the flare gradually rises up to its peak,
emission from the far side of the cylinder can be seen, which possess negative u
component. This will diminish the positive u from the right side of the cylinder,
meanwhile the initial negative q has mostly been canceled out. Consequently the PD will
continue to drop, and the PA will rotate from 225◦ to 180◦. When the flare reaches its
maximum (green in Fig. 4.26b), for a short period the shock-enhanced fluxes from both
sides of the cylinder will be comparable. As a result, the u component will be canceled
out, leaving a positive q in the active region and a negative q in the quiescent region. If the
shock is adequately strong, the polarization contributed by the active region will be higher,
leading to a positive q for this short period. Therefore, the PD drops to nearly zero for all
bands, while the PA reaches 180◦ for infrared, optical and UV. However, the PA rotates
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back to the initial 90◦ for the radio, as its flare amplitude is not strong enough to dominate
over the quiescent emission. After the peak, the flaring region moves to the far side, so
that the polarization signatures gradually revert back to the initial state in time-symmetric
patterns.
Figure 4.24: Case 1: A moderate change of magnetic field in Geometry I. Upper left:
Snap-shot synchrotron SEDs, including the external photon field. SEDs are chosen at
approximately the pre-flare (black solid), early flare (red dashed), peak (purple short
dashed), late flare (blue dash-dotted) and back to equilibrium at the post-flare (orange dash-
dot-dotted) states, with the dotted line for the external photon field contribution. All SEDs
are chosen with the same time bin size. Lower left: PD vs. photon energy for the same
time bins as the SEDs in the top panel, with the external photon contamination considered,
where dotted lines represent the PD without the contamination. Upper right: PD vs. time
with external contamination, at radio (black solid), infrared (red dashed), optical V band
(purple short dashed), UV (blue dash-dotted). Lower right: PA vs. time for the energy
bands as in the top panel.
4.4.2 B-field Compression, Z > 2R
In order to isolate the dependence of the polarization signatures on the geometry of
the emission region, we studied a scenario in which we kept all the parameters exactly the
same as in the previous case, except for the size of the emission region. We choose an
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emission region with the same volume, but now R : Z = 23 : 3 (hereafter Geometry II). The
general electron spectrum is similar to the previous case, except minor diﬀerences due to
the electron cooling rate, escape rate, etc. introduced by the diﬀerent geometry. However,
we notice that the flare amplitude is slightly increased, thus the radio polarization
signatures now behave similarly to the other bands. The major diﬀerence in this case is
that in this scenario, the PD goes through two minima near zero with an elevated plateau
in between. The PA exhibits a similar step-like pattern with a plateau at 180◦, although, in
total, it still completes a full 180◦ swing. The reason is that unlike in the previous case,
during the peak, the entire equal-photon-arrival-time ellipse is maintained within the
emission region for a finite amount of time, during which the polarization signatures
remain unchanged.
Figure 4.25: Electron spectra at diﬀerent time steps for a moderate change in the magnetic
field (left) and a shortening of the acceleration time scale (right). 0: Pre-flare equilibrium;
2: central shock position; 4: shock just leaves the emission region; 8(11): post-shock
equilibrium. The regions between the magenta vertical lines represent the electron energies
that correspond to the photon energies we choose in the polarization vs. time plots: Solid
corresponds to radio, dashed to infrared, short-dashed to optical, and dashed-dotted to UV.
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4.4.3 Acceleration Eﬃciency, Z > 2R
We investigate one additional scenario where the shock leads to more eﬃcient
particle acceleration, by instantaneously shortening the acceleration time scale at its
location. In this case, we choose the initial toroidal component slightly dominant, with the
application of Geometry II (we have shown one case with Geometry I in Paper I). Due to
the more eﬃcient acceleration, the electrons are accelerated to higher energy, and the
spectrum becomes harder (Fig. 4.25 right). Therefore, the synchrotron component
exhibits a considerable flare at higher energies. However, at lower energies the electron
spectrum stays almost unchanged. Since the magnetic field remains unchanged, the radio
band shows no time dependency of either flux or polarization signatures.
At the beginning of the flare, the luminosity of the active region is drastically
enhanced; as a result, the observed PD will mostly be attributed to the red region in Fig.
4.26 (right). In this small region, the magnetic field is well ordered, consequently we
observe that PD can shoot up to over 60%; meanwhile PA quickly rotates to about 210◦,
which represent the θB in this region. Similar to the previous case, during the flare peak,
the entire emission region becomes axisymmetric, therefore PA rotates back, and both PD
and PA exhibit a step phase. After the peak, PD and PA revert back to the initial state in
time-symmetric patterns.
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Figure 4.26: a) Sketch of the interaction between the emission region and the disturbance
in the comoving frame of the emission region, at diﬀerent epochs. The emission region is
pervaded by a helical magnetic field and a turbulent component (only the helical component
is sketched). The disturbance is stationary in the observer’s frame, but in the comoving
frame of the emission region, the disturbance is then moving up with Lorentz factor Γ.
The part of the disturbance that first encounters the emission region (shaded ellipses, the
“front”) is the location of the injection of relativistic particles. The orange, red, green and
blue regions refer to the locations of the disturbance before the flare (t0), the rising phase
(t1), peak (t2) and declining phase (t3), respectively. b) The red, green and blue shapes
indicate the shape and location of the flaring region, corresponding to the disturbance at
t1 ∼ t3, respectively, observed simultaneously, taking into account the LTTEs. c) Sketch of
the projection of the helical magnetic field onto the plane of sky in the comoving frame. The
upper panel illustrates the quiescent state, the lower panel the active state. The cyan, dark-
green and maroon arrows represent the left side, center and the right side of the emission
region shown in a), corresponding to the color regions in Fig. 4.2, respectively. ￿ (⊥)
denotes components parallel (perpendicular) to the bulk motion direction. The two dashed
lines indicate ±45◦.
93
Figure 4.27: Case 2: A moderate change in magnetic field in Geometry II. Panels and line
styles are as in Fig. 4.24.
Figure 4.28: Case 3: Shortened acceleration timescale in Geometry II. Panels and line
styles are as in Fig. 4.24.
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4.4.4 B-field Compression, Localized shock
We present one case for the combined geometric eﬀect in Fig. 4.29. This time we
apply a moderate change in the magnetic orientation and strength during the presence of
the shock, with the same volume of the emission region as in Geometry I (R : Z = 1 : 43),
but now the shock will not occupy the whole layer of the emission region, but only the
center of it, so that the region that will be aﬀected by the shock, has A : Z = 23 : 3,
(hereafter Geometry III). The current situation is equivalent to a Geometry II case but
surrounded by a large quiescent region. Hence the positive q in the shock region will not
be able to dominate over the negative q in the quiescent region. Consequently, we find a
similar behavior as in Case 3, where the PA rotates back to 90◦ and exhibits a step phase.
The diﬀerence is that the PD slightly decreases during the flare peak, since the shock will
give a boost to the toroidal contribution to the polarization, diminishing part of the initial
poloidal contribution.
Figure 4.29: Case 4: Moderate change of the magnetic field with Geometry III. Panels and
line styles are as in Fig. 4.24.
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4.5 Applications
Based on the insights gathered in the above two sections, we now present the first
simultaneous fitting of snapshot SEDs, multifrequency light curves, and time-dependent
polarization signatures of a blazar, using the example of a flare of 3C279. The FSRQ
3C279, located at a moderate redshift of z = 0.536, is one of the most well-observed
members of the blazar class. It caught the attention of the high-energy astrophysics
community due to its very bright gamma-ray flaring at the beginning of the Compton
Gamma-Ray Observatory mission in the early 1990s, and has since then been the target of
many dedicated multi-wavelength observing campaigns [A+10a, H+96, M+94, W+98b]. It
is bright and variable on a large range of time-scales, across the electromagnetic spectrum,
from radio through gamma-rays, and is one of only three FSRQs detected in
very-high-energy gamma-rays (i.e., photon energies of E > 100GeV) by the MAGIC
telescope [A+08].
During an active (i.e., high-flux) phase from Nov. 2008 to Mar. 2009, 3C279
exhibited multi-wavelength flaring activity, with a period of optical polarization variations
lasting ∼ 20 days [A+10a]. The multi-wavelength light curve data are displayed in Fig.
4.30. They suggest that this flaring episode is actually composed of two sequential flares.
The first flare dominates around MJD 54880, where a sudden doubling in gamma-ray flux
is accompanied by a relatively small infrared-to-optical flare and rather erratic changes of
the PD and PA. The second flare, which dominates the last ∼ 15 days, constitutes a
correlated flare of the infrared-to-optical and gamma-ray emission, during which the PD
drops to nearly zero and then recovers to ∼ 20%, accompanied by a ∼ 180◦ rotation of the
PA. This was the first time that such a clear correlation between optical/gamma-ray flaring
and a PA rotation was observed. Based on the apparently time-symmetric profile of the
second flare, we suggest that it actually lasted ∼ 20 days, but is overwhelmed by the
decaying phase of the first flare for the first ∼ 5 days. Here we present a consistent
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interpretation of the spectral-energy-distribution (SED), multi-wavelength light curves,
and time-dependent polarization features, for the second flare.
Table 4.3 lists the most relevant parameters in our simulation that yields the best fit to
the data of 3C279, and the results are shown, in comparison with the data, in Fig. 4.30.
The low-frequency component of the SED is dominated by synchrotron emission from
nonthermal electrons, along with a weak thermal component from the central accretion
disk around the black hole powering the relativistic jet. We assume a leptonic origin for
the high-energy component of the SED, which is composed of an SSC contribution,
dominating from X-rays to soft gamma-rays, and an EC contribution which dominates the
emission in the Fermi (∼ GeV) range. We also assume that there exists a turbulent
magnetic field component, which is initially uniform everywhere. We choose the
disturbance to be a magnetic energy dissipation process, e.g., magnetic reconnection,
instead of a shock. A possible underlying physical picture is that on the trajectory of the
emission region, it encounters a flat stationary region, where the poloidal component of
the helical magnetic field is in the opposite direction of that in the emission region.
Therefore the poloidal component will be dissipated during the presence of the
disturbance, due to magnetic reconnection, leading to particle acceleration (we use a
simple injection to mimic this eﬀect) and a locally stronger turbulent magnetic-field
component [D+11a, G+14].
The time-dependence of the polarization signatures is similar to Case 1 of the
previous section. Before interacting with the disturbance, the entire emission region
contributes uniformly, and therefore, due to the axisymmetry of the underlying geometry
and the mildly stronger poloidal component (θB = 33◦) in the quiescent state, the
polarization is dominated by the poloidal contribution. When the interaction with the
disturbance starts (red in Fig. 4.26), we assume that the poloidal component in this area
decreases, but the toroidal component remains nearly unaﬀected, hence the quiescent-state
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polarization will be gradually canceled out by the flaring toroidal contribution. As a result,
the PD drops and the PA starts to rotate towards the dominant toroidal direction. As the
disturbance moves forward, the flaring region becomes larger, resulting in increasing
fluxes in both the synchrotron and the Compton emission. Towards the end of the
interaction period, the flaring region (green in Fig. 4.26) reaches its maximum size,
leading to the observed flux maximum. Meanwhile, the magnetic field throughout the
green flaring region in Fig. 4.26 has approximately equal contributions from the near and
far sides of the cylinder, mimicking the initial axisymmetry, except for a mildly stronger
toroidal magnetic-field contribution (θB = 62◦). This flaring toroidal contribution is just
strong enough to dominate over the poloidal contribution in the quiescent state.
Consequently, the PD drops to nearly zero, while the PA reflects the dominant toroidal
magnetic-field direction. After this flux peak, the flaring region gradually becomes smaller
and moves to the upper-left (blue in Fig. 4.26), and the light curves and PD recover to
their initial states with approximately time-symmetric profiles. However, since the
toroidal component on the far side of the cylinder is opposite to that on the near side, the
PA instead completes a ∼ 180◦ swing to a direction that is indistinguishable from its
initial position due to the 180◦ ambiguity of the PA.
4.6 Discussions and Conclusions
Polarization signatures are known to be highly variable, and ≥ 180◦ polarization
angle swings are frequently observed [e.g. L+13, M+14]. Generally, the observed ≥ 180◦
PA swings are accompanied by one or several sequential apparently symmetric PD
patterns, with the PD dropping from an initial value to zero then reverting back. In
addition, both the PD and PA patterns appear to be smooth. Several mechanisms have
been proposed to interpret the PA rotations, such as an emission region moving along a
curved trajectory or a bending jet, or streamlines following helical magnetic-field lines, or
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Table 4.3: Summary of model parameters for 3C 279. The parameters are defined in the
same way as in Section 3, except for a few diﬀerences. In this fitting, we assume that
A = R. We only list the initial electron density ne, as the spectrum will be determined by
the Fokker-Planck equation. We assume that the escaped electrons will be balanced by the
electrons picked up from the thermal background, with a temperature T . The magnetic field
has two components, a helical component BH along with a turbulence; the total magnetic
field strength will be B. The disturbance will change the layers in the emission region at its
location into an active state. In such situation, the magnetic field energy will be dissipated,
so that both the total strength and the helical strength will decrease and the pitch angle
will alter. The dissipated energy will become the energy resource for particle acceleration,
which we handle by an injection at the front of the disturbance with an energy injection
rate Qin j into the emission region, with minimum and maximum Lorentz factors γmin,in j and
γmax,in j, and power-law index pin j. Both the initial and the injected electrons will evolve
according to the Fokker-Planck equation.
Parameters General Properties
Bulk Lorentz factor Γ 20
Length of the emission region Z (1017cm) 4.8
Radius of the emission region R (1017cm) 2.4
Length of the disturbance L (1017cm) 1.28
Orientation of LOS θobs (◦) 90
Electron acceleration time-scale tacc (Z/c) 0.36
Electron escape time-scale tesc (Z/c) 0.062
Electron background temperature T (mec2/kB) 100
Parameters Quiescent Active
Total magnetic field strength B (10−2G) 7.2 5.4
Helical magnetic strength, BH (10−2G) 4.8 2.6
Helical pitch angle θB (◦) 33 62
Initial electron density ne (cm−3) 5.5 –
Injected electron minimum gamma γmin,inj – 2000
Injected electron maximum gamma γmax,inj – 4000
Injected electron power-law index pinj – 4
Injection rate Qinj (1043erg ∗ s−1) – 5
stochastic activation of individual zones in a turbulent jet [A+10a, M+10, Mar14]. While
they may have their own virtue in understanding polarization variations, none of these
models has so far been able to explain spectral variability properties, symmetric
light-curve profiles, and correlated symmetric polarization variability features in one
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coherent model. On the other hand, the LTTEs coupled with an axisymmetric emission
region in our model naturally explain the apparently time-symmetric features of
multi-wavelength light curves and polarization variations and their intrinsic correlations,
which also appears to be the simplest model with the smallest number of fine-tunable
parameters.
Based on our model, the continuous 180◦ PA swings will pose some serious
constraints on the physical background of the emission region, namely: the pitch angles of
the quiescent and the active states shall be on each side of a critical point θc, a moderate
strength of flare, a moderate change of the pitch angle of the helical magnetic field, and a
geometry of the emission region where Z ￿ R. If the pitch angles of the quiescent state
and the active state are both within the range of 0 to θc or θc to 90◦, where in our case
θc ∼ 55◦, then the projected magnetic field will always provide the total Stokes parameters
in the form of 1,−|q|, u or 1, |q|, u, respectively, resulting in the PA fluctuating around 270◦
or 180◦, respectively. Additionally, if the flare amplitude or the pitch angle change is too
weak, then throughout the flaring activity the total polarization signatures will be
dominated by the quiescent state, therefore PA will not complete a 180◦ swing. While if
on the other hand they are too strong, then the active region will dominate the polarization
signatures for a much longer time, giving rise to a step-like feature as shown in Section
4.3. Notice that, however, this feature is diﬀerent from the “step-phase” feature introduced
by a Z > 2R geometry (Case 2), because the step-like feature caused by strong variations
can only reach 180◦ at the very peak of the flare, where the u component of the Stokes
parameters can be fully canceled out. On the other hand, the “step-phase” due to the
geometry can be diagnosed in the observation as completely flat [I+11].
In addition to the above constraints, a simultaneous fitting of all spectral, light curve,
and polarization properties can exclude a wide range of possible scenarios. Therefore, our
fitting results place unprecedented constraints, most of which do not depend on the details
100
of the model. Since in a leptonic model interpretation, the gamma-rays from 3C279 are
produced by the EC process, an excess of either external photon field or nonthermal
electrons is necessary to produce a gamma-ray flare. However, the former fails to
reproduce the data, since such excess is unlikely to generate a correlated, time-symmetric
multi-wavelength flare, but instead may lead to an anti-correlated behavior in the
synchrotron emission due to excess radiative cooling. Also, the infrared-to-optical flare
amplitude is smaller than that of the gamma-ray flare, and the X-ray emission, which
represents the low-energy end of the SSC emission, shows almost no variability. This
implies that the total magnetic field strength has to decrease during the flare. Most
importantly, as we have discussed above, a smooth PA rotation and the nearly zero PD at
the flare peak (green in Fig. 4.26) imply that the toroidal magnetic-field component should
be mildly stronger than the poloidal one in the active state. However, since the excess of
the nonthermal electrons and the amount of the magnetic field alteration have been well
constrained, the poloidal and toroidal B-field components should remain comparable
throughout the process. Moreover, the relative percentage of the turbulent magnetic-field
contribution increases in the active state.
Models of relativistic shocks propagating through the jet have been widely used to
explain blazar flaring activities [BD10, JB07, MG85, S+01]. Such models naturally
provide excess nonthermal electrons. However, they are expected to compress the
magnetic field, leading to a change in θB with an increase in the overall magnetic-field
strength. Consequently, shocks are unlikely to fit our constraints. Alternatively, the fitting
constraints strongly favor a magnetic energy dissipation process during the flare. We find
in our simulation that the dissipated magnetic energy during the disturbance is comparable
to the necessary amount of particle energy increase necessary to generate the flare.
Simulations of magnetic energy dissipation have demonstrated that the energy stored in
magnetic shear can be eﬃciently converted into a power-law distribution of relativistic
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particles [G+14]. This process will reduce the magnetic field component that is subject to
dissipation and can therefore change the magnetic-field pitch angle. Moreover, the
magnetic-field topology inside the dissipation zone is likely to become turbulent, thus it
will strengthen the turbulent magnetic-field contribution [D+11a].
For the smaller fluctuations in the polarization signatures (generally PA varies by
< 90◦), although some apparently symmetric profiles can be noticed, the general patterns
appear very complicated [J+13]. In addition, those fluctuations often happen during the
quiescent states, with lower PD. This implies that some inhomogeneity and more complex
geometry, or some turbulence are required [Mar14].
We suggest that, if a step phase along with time-symmetric variability of the
polarization features is observed, especially in the PA profile, as it will be less aﬀected by
a possible turbulent B-field component, this may serve as a powerful constraint on the size
and the geometry of the emission region: the duration of the step phase will serve as a
measure of the length of Z − 2R, while the two symmetric PA (PD) alterations will imply
the length of R. In this way, the size and the geometry of the region that is aﬀected by the
disturbance can be constrained, while the size of the entire emission region can then be
estimated by the flux and polarization percentage.
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5 Conclusion and Outlook
Jet physics is one of the long-standing, most complicated problems in high-energy
astrophysics, as it requires complex knowledge of the jet compositions, launching
mechanisms, particle acceleration and radiation mechanisms, etc.. Blazars, with their jets
directed close to our LOS, have been one of the best sources for probing the inner-jet
structures. To this purpose, state-of-the-art observational techniques have been employed
and a wide range of theoretical models has been put forward. People have gradually
recognized that the magnetic field plays a significant role in the blazar emission. Due to
the complexity of the blazar emission environment, so far the polarization signatures are
the only standard tool for probing the magnetic field information. Despite that nowadays
we can have time-dependent multiwavelength observations of the blazar emission,
polarization signatures are only accessible at low energies, from radio to optical. The good
news is that currently some high-energy polarimeters are under development, while at low
energies, rapid optical polarimeters are developing as well. Consequently, the status of
observational capabilities for multiwavelength polarization will be much advanced in the
near future.
Such developments highlight an urgent need for a theoretical counterpart. In this
dissertation, we present a detailed theoretical analysis of the polarization signatures in the
blazar emission. The first piece of the dissertation provides a theoretical estimate for the
maximal polarization degree at high energies resulting from both one-zone leptonic and
hadronic models. We have shown that, especially at γ-rays, the polarization signatures can
serve as a powerful diagnostic between the two models, provided that the polarization
signatures at low energies are available simultaneously. Also we have demonstrated that
the next generation of the high-energy polarimeters will be capable of detecting
high-energy polarization from extragalactic jet sources.
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The rest of the dissertation is focused on the analysis of the time- and
frequency-dependent polarization signatures at low energies. One of the major results
there is that a change in the magnetic field strength and direction will lead to a smooth
∼ 180◦ polarization angle swing, with a simple axisymmetric geometry and light-travel
time eﬀects. In addition, if such a change of the magnetic field structure is accompanied
by appropriate particle acceleration, it will result in a simultaneous multiwavelength
flaring event with a drastic change in the polarization signatures, which has been observed
in several cases. Based on this result, we present the first simultaneous fitting of snap-shot
SEDs, multiwavelength light curves and time-dependent polarization signatures in one
coherent model, which reveals that magnetic reconnection may also play an important role
in the blazar flaring activities.
However, one of the major problems in the fittings of the blazar emission is that
people usually use ad hoc assumptions on the magnetic field structure and the particle
evolution. Therefore such fittings will lack strong support from first principles in physics.
One of the future developments of the project is to combine it with
magnetohydrodynamics (MHD). Time-dependent MHD simulations will provide the
strengths and directions along with their evolution of the magnetic field structure in each
zone of the emission region, which can be used to replace the ad hoc assumptions. This
will lead to more realistic polarization signatures. Since it is possible to simulate MHD
with both the shock model and the magnetic reconnection model, it is possible to compare
their features, and understand the underlying physics of the observed polarization angle
swings.
Another piece of information is the particle evolution. Although the scope of
particle-in-cell (PIC) simulations is rapidly advancing, so far they can not be applied to
large-scale systems such as the blazar emission region, due to its small spatial dimension.
However, it is possible to compare the general features of particle transport diagnosed
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with PIC simulations to the solutions of Fokker-Planck equations which can be considered
an approximation to the former. This may lead to more realistic choices of parameters to
be used in Fokker-Planck treatments.
On the other side, some further modifications of the 3DPol code can be done in the
near future. One is that currently the 3DPol code assumes a cylindrical geometry. While
the other version of 3DPol that is focused on the radio frequencies, 3DPolR, can deal with
more complicated geometry using Cartesian coordinates, it is possible to add even more
types of geometry into the code. Moreover, the present code assumes a specific LOS and
one uniform Lorentz factor for the emission region, but as the light-travel-time and the
Stokes parameters are handled zone-by-zone in the code, we can allow non-uniform
Lorentz factors.
Another part to be included into the 3DPol code is the high-energy polarization.
Although in Chapter 3 we have estimated the theoretical maximal frequency-dependent
polarization degree at high energies, the results only apply to a time-independent one-zone
model, thus no light-travel-time eﬀects are included. Therefore in order to facilitate direct
comparisons with the future high-energy polarization observations, time-dependent
polarization signatures will be necessary. Although for the hadronic processes in which
the dominant emission is due to synchrotron, the code structure will be very similar to the
current one, the polarization signatures for the synchrotron-self Compton will be much
more complicated, which will require additional ray-tracing techniques.
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